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Abstract
The conservation, characterization, and sustainable utilization of farm animal ge-
netic resources have far-reaching socioeconomic effects. Finnsheep, which is native
to Finland, is globally known for its exceptional prolificacy and has been export-
ed to several countries to improve the productivity of local breeds. Prolificacy,
mainly determined by the ovulation rate and litter size phenotypes, has high eco-
nomic importance in sheep farming systems. The ovulation rate is associated with
the number of ovulatory follicles produced during the follicular growth phase of
the estrous cycle, and successful implantation of the conceptus ensures maximum
litters.
The primary aim of this study was to evaluate the exceptional prolificacy of
Finnsheep. Another important and overarching aim was to explore the genetic
aspects of two important reproductive events leading to ovulation and successful
pregnancy in sheep. To gain an insight into how these two processes are regulated
genetically and non-genetically, the whole transcriptomes of selected reproductive
tissues relevant to folliculogenesis (first phase, ovary) and early pregnancy prior to
implantation (second phase, corpus luteum (CL) and endometrium) were analyzed.
In the main experiment, the ovaries of 31 Finnsheep (n = 11) and Texel (n = 11)
ewes as well as their F1 crosses (n = 9) collected during surgery were biopsied;
other tissues, including the CL and endometrium, were collected at the slaughter-
house. Half of the animals were maintained on a flushing diet during the entire
experiment to study the influence of nutrition during early pregnancy. In addi-
tion, the transcriptomes of the ovarian and endometrial tissues of Finnsheep ewes
were compared to those of European feral mouflons. For transcriptomic analysis,
cDNA libraries targeting mRNAs and microRNAs were sequenced using the Illu-
mina HiSeq 2000 system with 100-base pair (bp) paired-end and 50-bp single-end
techniques, respectively.
Gene expression results from the first phase of the experiment revealed that
the flushing diet strongly affected the Texel and, to some extent, the F1-crosses
of sheep; however, Finnsheep were not affected by the diet. Likewise, the gene ex-
pression profiles of the F1 crosses were more similar to those of Finnsheep than of
Texel, possibly because of the parent-of-origin effects, such as genomic imprinting.
While no major candidate genes reportedly associated with prolificacy were differ-
vii
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entially or highly expressed, FecGF polymorphism (V371M) in GDF9 was present
in half of the experimental Finnsheep and F1 crosses but completely absent in the
Texel sheep.
The second phase of the experiment provided an insight on the cross-talk be-
tween the CL and endometrium, as revealed by both the shared and tissue-specific
genes. Finnsheep had a higher embryo mortality rate than Texel. The top ex-
pressed genes were associated with progesterone formation and events (elonga-
tion and attachment), leading to blastocyst implantation. Several endogenous
retroviruses (ERVs) were expressed in the endometrium samples. Immune-related
genes and pathways appeared to be differentially expressed and/or regulated in
the CL of pure-breds. During the preimplantation stage, the immune system of
the Finnsheep ewes appeared superior to that of the Texel ewes. Owing to the
influence of interferon tau in massive gene expression changes starting around day
13, the gene expression profiles of the endometrium samples in response to elongat-
ed embryos were remarkably different from those in response to spherical embryos.
Moreover, several interferon-stimulated genes were upregulated in the endometri-
um samples having elongated embryos. In addition to differentially expressed
genes between the reproductive tissues of domestic (Finnsheep) and feral (Euro-
pean mouflon) sheep, we identified novel genes and miRNAs and their regulatory
mechanisms associated with reproductive traits.
A few novel structural findings were obtained as part of this work. Maternally
imprinted miRNA cluster on chromosome 18 (C18MC), which is conserved exclu-
sively among placental mammals, was reported for the first time in sheep. With
46 expressed miRNAs, sheep C18MC may be the largest miRNA cluster among
all mammalian species. The miRNAs (>500) quantified in this thesis are valuable,
given that only 153 sheep miRNAs have been identified till date. A novel ERV
transcript with high similarity to the genomic region within the FecL locus and
known to affect prolificacy was identified, indicating that ERV plays an important
role in reproduction and may even contribute to litter size differences.
Overall, the work presented in this thesis explored two critically important
aspects of reproduction, i.e., ovulation and preimplantation, in sheep using state-
of-the-art genomics and bioinformatics tools. The resources and findings from this
thesis are highly relevant to both breeders and researchers studying sheep. The
comprehensive list of genes and miRNAs expressed in the three key reproductive
tissues is a useful resource for understanding transcriptional patterns during the
follicular growth phase and preimplantation stage leading to pregnancy in sheep.
The diet- and F1 cross-related experimental results will be valuable for implement-
ing sheep breeding strategies aimed at achieving an optimum reproductive capacity.
Furthermore, these results will provide a foundation for future research, and the
data may have additional applications following the advancement of analysis tools
and technologies.
Chapter 1
Introduction
1.1 Background and Significance
Sheep were originally domesticated in the fertile crescent during the prehistoric
period (11,000 – 9,000 years before present) (Ryder, 1984). Since then, as one of the
first domesticated species, sheep have constituted an important part of the global
agricultural economy. Although they were originally reared for meat, sheep were
eventually selected for their secondary products such as milk and wool in southwest
Asia and Europe approximately 5,000 and 4,000 years ago, respectively (Chessa
et al., 2009; Pedrosa et al., 2005). Because of the preferential selection of sheep for
their secondary products, many primitive domestic breeds were lost, although some
survived by returning to feral or semi-feral conditions (Sherratt, 1981). Breeds
such as Finnsheep, Romanov, and Icelandic sheep are considered native pure-
breeds in Europe and have been known to exist since the Iron Age (Ryder, 1981).
During the 20th century, increases in selection and intensive breeding led to the
emergence of modern breeds; currently, the number of sheep breeds (>1,500) is
greater than that of any other livestock species, which have adapted to diverse
climatic conditions1. Sheep are multipurpose livestock species; they produce wool
and yield meat. They are also raised for their pelts, as dairy animals, and as
model animals for scientific research. Sheep are used for landscape management
practices and are socioeconomically important.
Because of the varying litter size phenotype, sheep reproduction has been exten-
sively researched. Unlike other domestic species that typically produce 1–2 (cattle
and goats) or ≥4 offspring (pigs and dogs), sheep have a larger litter size (1–8)
variation (Fabre et al., 2006). Prolific sheep breeds are valuable to the global sheep
industry as genetic resources, and their prolific traits, including the high ovulation
rate and large litter size, affect both the biological and financial performances of
1The Second Report on the State of the World’s Animal Genetic Resources for Food and
Agriculture (http://www.fao.org/3/a-i5077e.pdf)
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sheep production systems. However, traditional breeding approaches are often in-
effective because of the low heritability and sex-limited expression of prolificacy
traits. The complexity of prolificacy traits with multiple genetic, epistatic, and
environmental determinants represents a significant challenge in genetic analyses
because of difficulties in isolating the phenotype of one gene amid the many other
genetic and environmental effects. Thus, studying one gene at a time would not
be feasible; studies of the genetics of prolificacy in sheep will require an analysis
of the interactions among, and environmental dependency of, genetic effects by
integrating various technologies and datasets to form a unified concept. Therefore,
in this thesis, structural and functional changes in gene expression during the re-
productive cycle in different breeds were investigated to identify the key regulators
of this complex trait.
The ”genomics era” has been characterized by the fusion of computer science,
molecular biology, and engineering in the last decade, and this has revolution-
ized the way research is conducted. Modern genomic tools and methods provide
high-resolution data that can be utilized to gain an insight into how such complex
traits are regulated at the basic level of DNA and RNA. Research on sheep has
been greatly facilitated by advancements in genomic methods and the availability
of Illumina ovine (50k and more recently 600k) single-nucleotide polymorphism
(SNP) beadchips, as well as a fully annotated sheep reference genome (Jiang et al.,
2014), both of which have been made available as part of the International Sheep
Genomics Consortium (ISGC). Application of high-throughput technologies such
as SNP genotyping (e.g., Demars et al. (2013); Xu et al. (2018)), whole-genome
sequencing (e.g., Nosrati et al. (2019); Wang et al. (2019)), whole-genome bisul-
fite sequencing (e.g., Zhang et al. (2017)), and RNA sequencing (RNA-seq) have
yielded prolificacy-related genetic markers and candidate genes for several breeds.
Transcriptome-based studies are typically performed (see Table 1.2) to identify
and characterize genes associated with economic traits (e.g., meat quality, wool,
and prolificacy) and other medical purposes.
In this thesis, RNA-seq was used to explore the whole transcriptome profiles of
selected reproductive tissues collected during two phases of the reproductive cycle
in sheep (see 3.2 for the experimental design). The primary goal was to study the
exceptional prolificacy of Finnsheep: What makes Finnsheep possibly the
most prolific sheep breed in the world? The hypothesis was that a certain
genetic makeup and environmental factors are key to this exceptional phenotype.
To support this hypothesis, Finnsheep were compared with another sheep breed—
the Texel breed—with a high global importance but low prolificacy. The average
litter size of Texel sheep is approximately half (1.5) of that of Finnsheep (2.8).
Furthermore, including cross-breeds can provide an insight into the heritability
of genetic markers associated with the phenotype. To understand the role of
diet, often considered as one of the most important environmental parameters
leading to differences in the ovulation rate, in this phenotype, half of the ewes
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were maintained on a flushing diet throughout the experiment. Additionally, to
gain an insight into the evolution of sheep reproduction, tissue samples from feral
European mouflon (Ovis orientalis musimon) were studied together with those
from Finnsheep.
1.2 Physiology of female reproduction in sheep
1.2.1 Estrous cycle
Reproduction is a fundamental process in the evolution of all living organisms
on the earth. The estrous cycle is the basis of reproduction in sheep and other
seasonal breeders. Sheep are seasonally polyestrous, and each estrous cycle lasts
13–19 days, the average being 17 days. Additionally, sheep are short-day breeders,
indicating that autumn is their preferred breeding season. However, some breeds
have extended breeding seasons (e.g., Merino and Dorset), and others may breed
throughout the year (e.g., Finnsheep, Romanov, and Hu). The estrous cycle is
divided into four phases: proestrus, estrus, metestrus, and diestrus. The estrus
phase, which lasts for 24–36 h, is characterized as the time during which ewes are
in heat and ready for mating. The estrous cycle is regulated by hormones and
other signals produced in the hypothalamus, pituitary gland, corpus luteum (CL),
and uterus. The hypothalamus secretes gonadotrophin-releasing hormone (GnRH);
the anterior pituitary gland releases luteinizing hormone (LH), follicle-stimulating
hormone (FSH), and oxytocin; the CL produces progesterone (P4) and oxytocin;
and the endometrium secretes prostaglandin alpha 2-alpha (PGF2α) (reviewed
in Scaramuzzi et al. (1993)). LH induces ovulation, aids in follicle maturation,
and supports CL development. Similarly, FSH induces follicle development and
estrogen production (Vegetti and Alagna, 2006).
1.2.2 Ovarian folliculogenesis
Ovaries have two important functions: the production of oocytes and secretion of
hormones essential for fertilization, and pregnancy establishment in the reproduc-
tive tract. Follicles, the basic functional units of ovaries, are comprised of oocytes
surrounded by multiple layers of somatic cells. Throughout the active reproductive
lifespan of a female, during each reproductive cycle, a small subset of primordial
follicles from the pre-established ovarian reserve is recruited to the growing pool
of primary and small preantral follicles, often referred to as the dynamic ovarian
reserve (Monniaux et al., 2014). Gonadotrophin-independent preantral follicle de-
velopment involves cross-talk between the oocyte and its surrounding cells, which
secrete several oocyte-derived growth factors including members of the transform-
ing growth factor β (TGF-β) superfamily. During further development, an antrum
cavity is formed, and the follicles are referred to as antral follicles. FSH plays an
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important role during transition from the pre-antral to antral stage. The next
stage of development is mediated by pituitary gonadotrophins, FSH, and LH. The
final stage of antral follicle development proceeds in a wave-like pattern in which
3–4 waves each, lasting for 4–6 days, occur in ewes (Fig. 1.1, Ginther et al. (1995)).
Finnsheep ewes reportedly have four waves starting on days 1, 6, 10, and 13 on
average (Bartlewski et al., 1999). An increased FSH concentration precedes each
follicular wave, from which one (mono-ovulatory) or more (polyovulatory) domi-
nant follicles continue to grow, whereas all others regress through atresia. Partic-
ularly in prolific ewes, follicles from two consecutive follicular waves can ovulate
simultaneously (Bartlewski et al., 2011). During this phase of dominant follicle
selection, rapid regression of P4 occurs. Consequently, low P4 concentrations dur-
ing the follicular phase allow for an increase in the GnRH pulse frequency, thereby
increasing estradiol production by the dominant follicle and eliciting estrus, an LH
surge, and ovulation (Sarda et al., 1973).
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Figure 1.1: Wave-like pattern of follicular growth in sheep. Schematic illustration showing
four follicular waves, of which typically the first three are non-ovulatory and the fourth yields
ovulation of dominant follicle(s). In some breeds such as prolific Finnsheep, dominant follicles
from two consecutive follicular waves, wave 3 and 4 in this case, have been found to ovulate
simultaneously (Bartlewski et al., 2011). A peak in FSH (blue arrows) precedes each wave
leading to the emergence of gonadotrophin-dependent follicles
.
The optimal growth and selection of dominant follicles are linked to the ovula-
tion rate and are thus critical to sheep production systems. A hypothetical model
involving FSH level manipulation to control the ovulation rate has been in place
for nearly 35 years (Baird, 1987; Scaramuzzi et al., 2011). Additionally, the mod-
el, referred to as the ”FSH window theory,” suggests that the ovulation rate can
be increased either by maintaining the FSH concentration above a threshold for
a longer time or by increasing the number of ovulatory follicles (see Fig. 5 in
Scaramuzzi et al. (2011)). Mutations in several candidate genes (see also 1.3.1),
particularly those of the TGF-β family, reportedly influence folliculogenesis, and
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consequently, the ovulation rate (Monniaux et al., 2014).
1.2.3 Establishment of pregnancy in sheep
The fertilization of an ovulated follicle-derived oocyte results in the formation of a
single binucleated cell known as the zygote, which undergoes a series of mitotic di-
visions leading to the morula stage (24–40 cells) of embryo formation; the formed
embryo enters the uterus between days 4 and 6 post mating (Fig. 1.2). By day
7, the blastocyst is formed and is characterized by two distinct cell populations:
the inner cell mass and the trophectoderm or extraembryonic tissue (Spencer and
Hansen, 2015). The blastocyst stage marks the beginning of pregnancy establish-
ment in domestic ruminants and involves the maternal recognition of pregnancy,
implantation, and placentation (Spencer et al., 2004a).
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Figure 1.2: Overview of pregnancy establishment in sheep. (A) Different stages of implan-
tation in uterus, (B) different stages of blastocyst growth, from zygote formation to conceptus
development, (C) the uterus showing the implanted conceptus, and (D) the progesterone and
estradiol levels during preimplantation. Figure adapted from Spencer et al. (2007)
Maternal recognition of pregnancy (occurs at approximately days 12 and 13
in sheep), an important event during preimplantation, is mediated by an anti-
luteolytic substance known as interferon tau (IFNT); IFNT is released from the
mononuclear trophectoderm of an elongated conceptus (Bazer, 2013; Brooks et al.,
2014; Brooks and Spencer, 2015) and is produced between days 10 and 21 and
peaks on days 12 to 16 (Farin et al., 1990). In addition to IFNT, an elongated con-
ceptus also secretes prostaglandins and cortisol. The role of P4, IFNT, and other
factors during early pregnancy in sheep have been studied by other researchers
(Brooks et al., 2014; Brooks, 2016; Spencer et al., 2016). Implantation in sheep
involves the adhesion of mononucleated cells of the trophectoderm to the luminal
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epithelia (LE) of the endometrium. The key stages are: (1) shedding of the zona
pellucida, (2) conceptus elongation, (3) apposition, and (4) adhesion (Fig. 1.2).
Shedding of the zona pellucida occurs by day 9; after this, the blastocyst undergoes
a series of structural changes from spherical to tubular (days 12–13), leading to an
elongated filamentous conceptus (between days 13 and 19). Conceptus elongation
marks the beginning of implantation and involves apposition (days 12–16) and
firm adhesion (by day 16) to the LE of the endometrium.
Several studies (e.g., Bolet (1986); Quinlivan et al. (1966)) have shown that
most cases of embryonic death occur during the preimplantation stage. The CL
and endometrium are the two vital players for successful pregnancy establishment
and are thus critical for determining litter sizes and reproductive success. The
CL is a temporary organ that forms from the ovulatory follicle and degenerates or
regresses after implantation; moreover, it produces P4, which is essential for main-
taining the uterine environment during early pregnancy (Spencer et al., 2004b).
The CL is composed of four different cell types, including two (small and large)
steroidogenic luteal cells, capillary endothelial cells, and fibroblasts (Farin et al.,
1989). In addition to being the main site for blastocyst implantation, the LE of the
endometrium secretes histotroph, which is essential for pregnancy establishment
and placentation (Spencer et al., 2008; Filant and Spencer, 2014).
1.3 Sheep prolificacy
Two important fertility traits—the ovulation rate and litter size—confer a high eco-
nomic value to sheep and influence the efficiency and profitability of sheep farming
systems (Notter, 2008). In sheep and other multiparous mammals, prolificacy is
determined by the ovulation rate and litter size. Litter size is an important param-
eter in sheep production systems. However, low heritability and various external
factors, such as feed availability, geographic and climatic conditions, and maternal
care, are attributable to the litter size difference in sheep. In fact, the litter size
variation in sheep is higher than that in any other domestic animal. Therefore,
the optimal litter size may not always be the largest possible and is important
in different production systems. Generally, a lamb mortality rate below or above
15–20% can be used as a reference to target the optimal litter size. A large litter
size is not desirable when the mortality rate of lambs is greater than 15–20%, and
a mortality rate lower than this indicates the potential for improving overall pro-
ductivity. Depending on the situation, the optimal litter size can range from one
lamb to quadruplets. For example, in household farms in a mountainous region
in Nepal, where the soil is not fertile and the climate is not favorable, the optimal
litter size target would be one lamb. Similarly, a household in a hilly region may
target duplets because of the better conditions. In contrast, a commercial farming
system with a proper management system, sufficient fodder, good maternal care,
7
and supervised lambing with fostering may target even larger litter sizes.
1.3.1 Genetic factors affecting sheep prolificacy
The ovulation rate and litter size of sheep breeds can be regulated by a combination
of small individual effects of different genes (Ricordeau et al., 1990) or by a single
genetic marker with major effects, known as fecundity genes (Chu et al., 2007;
Davis, 2005). Several mutations and other polymorphisms in GDF9, BMP15,
and BMPR1B—three major genes from the TGF-β family—and more recently in
B4GALNT2 are known to affect the ovulation rate and litter size of different sheep
breeds (Table 1.1). The physiological mechanisms underlying the role of these
mutations on the ovulation rate are still unclear. Additionally, parent-of-origin
effects, such as imprinting and epigenetic markers, are associated with prolificacy
(Coster et al., 2012; Davis et al., 2001).
Table 1.1: Causative mutations of four major genes (BMP15, BMPR1B, GDF9, and
B4GALNT2) in different sheep breeds. Note1* - deletion of amino acid fragment P154-S159;
Note2* - a polymorphism that includes a single-nucleotide substitution (G301T), a 3-bp deletion
(c.302-304delCTA), and a C insertion (c.310insC); Note3* - flock of Brazilian breeds including
only those ewes with at least one triplet birth history; Note4* - FecL is a 194-KB locus that
includes two genes (B4GALNT2 and IGFBP1) and one pseudogene (EZR) and potentially an
additional ERV, which were identified in this thesis (see 4.6).
Gene Mutation Allele Founder breed Reference
BMP15 V299D FecXI Romney, Inverdale Galloway et al. (2000)
Q291Ter FecXH Romney Galloway et al. (2000)
S367I FecXB Belclare Hanrahan et al. (2004)
Q239R FecXG Belclare, Cambridge Hanrahan et al. (2004)
Note1* FecXR Rasa Aragonesa Martinez-Royo et al. (2009)
C321Y FecXL Lacaune Bodin et al. (2007)
T317I FecXGr Grivette Demars et al. (2013)
Note2* FecXBar Barbarine Lassoued et al. (2017)
BMPR1B Q249R FecB Boorola Merino Mulsant et al. (2001)
Garole, Javanese Davis et al. (2002)
Small Tailed Han, Hu Davis et al. (2006)
Kendrapada Kumar et al. (2008)
GDF9 S39F FecGH Belclare, Cambridge Hanrahan et al. (2004)
S109R FecTT Icelandic Nicol et al. (2009)
F345C FecGE Santa lnês Silva et al. (2011)
V371M FecGF Finnsheep Mullen and Hanrahan (2014)
Norwegian White Våge et al. (2013)
Belclare Mullen et al. (2013)
R315C FecGV Note3* Souza et al. (2014)
R87H FecGI Baluchi Moradband et al. (2011)
B4GALNT2 Note4* FecLL Lacaune Drouilhet et al. (2013)
FecLL D’man Ben Jemaa et al. (2019)
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1.3.2 Nutritional influence on sheep prolificacy
Several factors such as seasonality, environment, day length, and nutrition affect
the reproductive performance of sheep (Bermejo et al., 2010; Notter, 2000; Petro-
vic et al., 2012). Flushing diets (diets with increased nutrient levels) reportedly
increase estrous activity and ovulation rate in sheep (Sormunen-Cristian and Jauhi-
ainen, 2002). Moreover, poor nutrition has several negative physiological effects
such as weight loss, delayed puberty onset, and infertility (Hernandez-Medrano
et al., 2012; Robinson, 1996; Sormunen-Cristian and Jauhiainen, 2002; Ying et al.,
2013). However, the genetic and physiologic mechanisms underlying these nutri-
tional influences remain unclear. An in-depth understanding of how a flushing
diet influences folliculogenesis and ovulation rates is essential for facilitating tar-
geted nutrition and improving overall fertility in sheep (Scaramuzzi et al., 2011).
Thin ewes respond more strongly than those in above-average conditions, and the
greatest response is observed early and late in the breeding season. Flushing diets
are generally administered as silage and 200–400 g of grain per ewe daily; this
increases energy and protein levels in feed. The flushing diet is typically started
approximately 2–3 weeks prior to breeding, and it is important to continue ad-
ministering the same feed for 1 month after breeding to minimize embryonic loss
(Chaturvedi et al., 2006). The extra feed ensures that the fertilized eggs have a
much better chance of establishing a pregnancy.
1.4 RNA-seq as a tool for functional fertility ge-
nomics
1.4.1 Transcription
The genomic information of living organisms, encoded in their DNA, is expressed
through transcription. Briefly, RNA is synthesized from one copy of double-
stranded DNA. After transcription, the introns are excised, and exons are ligated
to form mature mRNA via RNA splicing. Similarly, Drosha, a key component of
the microprocessor complex, cleaves intronic primary miRNA transcripts (usually)
from the same pre-mRNA to produce a short molecule (∼ 75-bp) with a stem loop,
known as precursor miRNA (pre-miRNA). Further processing of the pre-miRNA
yields (∼ 22-bp) double-stranded RNA, one strand of which is incorporated into
the RNA-induced silencing complex (RISC) and binds the 3´-UTR of the target
mRNA to control protein production either by silencing gene expression via mRNA
cleavage or by mediating translational repression (Lee et al., 1993; Bartel, 2004;
Kim and Kim, 2007) (Fig. 1.3). The functions of all cells are controlled by the
quantitative expression of these protein-coding and non-coding RNA transcripts
determined by external and internal factors. RNA transcripts with protein-coding
potential are known as mRNAs, whereas the other transcripts that lack potential
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to be coded are known as non-coding RNAs (ncRNAs). The collective represen-
tation of mRNAs and ncRNAs in a cell at any given time, together with their
quantity, is referred to as the transcriptome. This thesis focuses on two classes of
RNAs: mRNA and miRNA.
Promoter Terminator
ExonExonExon IntronIntron
Coding region
Trailer
Leader
5´ 3´
AAAAA
Protein-coding sequence
3´5´
Transcription
Splicing
Gene (DNA)
Pre-mRNA
mRNA
Protein
AAAAA
pre-miRNA
miRNA
regulation
Figure 1.3: Overview of transcription and gene regulation
1.4.2 RNA-seq
RNA-seq is a genomic technology that has revolutionized our understanding of
the functional aspects of genomes for more than a decade now (Stark et al., 2019;
Wang et al., 2009). There are several platforms for RNA-seq; however, Illumina
sequencing is the most widely used because of its accuracy (>99%), speed, and
high throughput. All sequencing experiments in this thesis were performed using
the Illumina sequencing platform based on a sequencing-by-synthesis approach.
The basic steps include RNA extraction, cDNA synthesis by reverse transcription,
(predefined) adapter ligation, and massively parallel sequencing; a large number
of user-defined reads are thus generated for each cDNA library. The sequenced
reads are then computationally processed to verify their biological validity. Apart
from mRNA and miRNA, sequencing data may also include other classes of RNA,
such as ribosomal RNA (rRNA), transfer RNA (tRNA), and other small RNAs.
Several tools and pipelines are available for analyzing mRNA (mRNA-seq) and
miRNA (miRNA-seq) sequencing data. An overview of the computational aspects
of mRNA- and miRNA-seq data are summarized in 1.4.3 and 1.4.4, respectively.
For convenience, the two major classes of RNA studied in this thesis are mRNA
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and miRNA, and therefore, their sequencing data have been referred to as mRNA-
seq and miRNA-seq, respectively.
1.4.3 mRNA-seq data analysis
Depending on the research questions and experimental design, various analyses can
be performed using mRNA-seq data. Typically, RNA-seq data analysis involves
mapping clean reads to an existing reference genome or transcriptome (if one
is not available, assembling de novo), transcript quantification, and differential
expression modelling.
Base-called raw sequence data are typically available as a FASTQ format file
and include the sequence ID, barcode (more recently, barcodes can be removed
using Illumina’s bcl2fastq tool), the sequence itself, and a quality score for each
base (Cock et al., 2010). Before further processing of the data, it is important to
check the overall quality of the data and the presence of PCR artifacts and other
sequences. FASTQC (Andrews, 2019) is one of the most common tools used for
this purpose. After checking the quality of the raw sequence data, low-quality data
and adapters can be removed using tools such as Trimgalore (Krueger, 2019).
High-quality clean reads are aligned to the annotated genomes of interest to
allocate each of the reads to genomic coordinates. Splice-aware mapping tools,
such as STAR (Dobin et al., 2013) or HISAT (Kim et al., 2015) (which succeeded
TopHat (Kim et al., 2013)), are typically used. In addition, the aligned reads can
be assembled into transcripts using assemblers such as Cufflinks (Trapnell et al.,
2010) and StringTie (Pertea et al., 2015). Cases in which a reference transcriptome
does not exist, the reads can be assembled de novo, for example, by using Trinity
(Grabherr et al., 2011). Recently, alignment−free tools, such as Salmon (Patro
et al., 2017) and Kallisto (Bray et al., 2016), have been developed to directly
allocate each sequence read to its respective transcript of origin. Also referred
to as pseudo aligners, these tools have been found to be superior (in terms of
accuracy) or at least similar to mapping-based tools, with an added advantage
of computational efficiency (Everaert et al., 2017; Sahraeian et al., 2017). To
mitigate the aberrant alignment between reads from an unannotated genome locus
with sequence similarity to the transcriptome, and thus improve the quantification
sensitivity, new methods such as selective alignment in Salmon (Srivastava et al.,
2020) have been implemented in recent versions of these tools.
To obtain a quantitative overview of the expressed transcripts, all mapped or
pseudo-aligned reads must be assigned to their respective transcripts in the refer-
ence genome. Some popular tools used for this are HTSeq-count (Anders et al.,
2015), RSEM (Li and Dewey, 2011), Salmon, and Kallisto. Typically, expres-
sion matrices are created in this step, which can later be utilized for differential
expression (DE) analyses.
DE analysis forms the core of RNA-seq-based studies in which the quantified
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reads that overlap transcripts are filtered, normalized, and statistically modeled
to predict significant changes in gene expression because of functional differences
between one or more groups. This step typically requires two tables, wherein
one is the matrix of genes in which counts (actual read counts or normalized
abundances) for each gene in the first column are recorded for each sample in the
first row and the second is a table that includes sample information. DESeq2 (Love
et al., 2014) and EdgeR (Robinson et al., 2010) are two Bioconductor packages
commonly used in DE analyses. Both tools use a generalized linear model to
estimate the overall expression strength of the gene and its ratio (log2-fold change)
between two conditions (e.g., treatment vs. control).
Gene annotation assigns biologically meaningful values to expressed gene tran-
scripts. The genes can be annotated individually or by linking them to known
Gene Ontology (GO) terms and/or biological pathways. Several genes may typ-
ically lack annotation; in such cases, a homology-based approach can be used to
determine the annotation from closely related species. The assumption is that
genes showing sequence similarity have similar functions. The biomaRt Biocon-
ductor package can be used to retrieve additional information (such as gene name,
description, and chromosome location) for one or more genes of interest. Addi-
tionally, web-based tools such as DAVID (Dennis et al., 2003) and AgriGO (Du
et al., 2010), as well as stand-alone tools such as Cytoscape (Shannon et al., 2003)
and Blast2GO (Conesa et al., 2005), are useful for identifying GO terms or KEGG
pathways associated with a subset of genes.
1.4.4 miRNA-seq data analysis
The analysis of miRNA-seq data slightly differs from that of mRNA-seq data
and typically involves five steps: (1) data preprocessing, (2) read mapping, (3)
miRNA prediction and quantification, (4) DE analysis, and (5) functional analysis.
Numerous analysis pipelines such as CAP-miRSeq (Sun et al., 2014), mirPRo
(Shi et al., 2015), and miARma-Seq (Andrés-León et al., 2016) are available for
streamlining some or all steps of miRNA-seq data analysis.
Data preprocessing is one of the most important steps in miRNA-seq data
analysis. Although the same tools used for mRNA-seq data preprocessing can be
used, the parameters for adapter trimming must be adjusted. Some tools also
provide automatic settings by specifying that the data are small RNA-seq data
as one of the parameters. In any case, the idea is to remove 3´ adapters and
low-quality reads, as well as exclude all reads shorter than 17 bases. Alignment
tools such as BWA (Li and Durbin, 2009), Bowtie (Langmead et al., 2009), and
STAR can map clean miRNA reads to the genome of interest. For computational
efficiency, reads with multiple copies may be collapsed before the mapping step
so that only one copy will be used during alignment. The mapped reads will
be uncollapsed after mapping and used for the quantification and prediction of
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known and novel miRNAs. MirDeep2 (Friedländer et al., 2012) is a preferred suite
that includes a range of scripts for miRNA quantification and discovery. miRBase
(Griffiths-Jones et al., 2008) stores the most comprehensive list of known miRNAs.
Therefore, sequences from this database are used to identify the following: (1)
species-specific miRNAs (miRNAs that map to already existing miRNAs for a
given species), (2) conserved miRNAs [miRNAs that do not belong to (1) but are
known in other species], and (3) novel miRNAs (which are predicted to be miRNAs
but do not exist in miRBase). Using these steps, we can create a catalog of miRNAs
expressed in a given tissue. Next, if the objective is to compare the expression
level between more than one group or condition, DE tools such as DESeq2 or
EdgeR can be used. Similarly, the regulatory role of miRNAs on target genes can
be estimated using tools such as TargetScan (Agarwal et al., 2015).
1.4.5 Applications of RNA-seq in sheep genomics
RNA-seq is currently the most popular tool for whole-transcriptome-based studies.
While gene expression is routinely studied, numerous other aspects of RNA biology
can be studied using the same data. These include alternative splicing (Kornblihtt
et al., 2013), ncRNA -mediated gene regulation (Morris and Mattick, 2014), variant
detection, and allele-specific expression (Chamberlain et al., 2015; Salavati et al.,
2019). RNA-seq has been continuously applied in sheep, with most studies focusing
on fertility traits. Table 1.2 summarizes previous studies conducted using RNA-
seq in sheep. The main objective of most of these studies was to compare the
quantitative gene expression between two or more groups.
Table 1.2: Previous studies performed using RNA-seq in sheep
Experimental design Analysis methods Results Reference
Reproduction and fertility
miRNA-seq of follicles from
pooled libraries (7–8 ewes
each) representing D1, D3,
and D9 (D = day) after es-
trus
quantification and
expression, qRT-
PCR, northern
blotting
111 miRNAs identified,
some miRNAs related to
follicular-luteal transition
McBride et al.
(2012)
Ovarian RNA-seq of high-
(Qira black, n = 4) and
low-prolific (Hetian, n = 5)
breeds
gene expression,
GO and KEGG,
qRT-PCR
1252 differentially ex-
pressed genes (DEGs),
some DEGs associated
with steroid hormone
biosynthesis
Chen et al.
(2015)
mRNA and long non-coding
RNA (lncRNA) profiling be-
tween polytocous (Po, n =
4) and monotocous groups
(Mo, n = 4) of Hu sheep
mRNA and l-
ncRNA expres-
sion, network
(mRNA–mRNA
and mRNA–
lncRNA), GO
and KEGG
Higher levels of LH in the
Po group, 76 DEGs and
5 DE lncRNAs, upregula-
tion of lysosomal protein
in the Mo group
Feng et al.
(2018)
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Table 1.2: Previous studies performed using RNA-seq in sheep
Experimental design Analysis methods Results Reference
RNA-seq of the testis of
three Hu sheep each at D5,
3M, 6M, 9M, and 2Y (D =
day, M = month, Y = year)
mRNA and lncR-
NA expression,
network (mRNA–
lncRNA), GO
and KEGG, and
qRT-PCR
lncRNAs, and genes (eg.
CYP19A1, SERPINA5,
PRKCD) associated with
testis development and
spermatogenesis
Yang et al.
(2018)
Gene expression profiles of
granulosa cells and oocytes
from the ovaries of 12 new-
born lambs
laser capture mi-
crodissection, mi-
croarray, network
analysis, qRT-PCR
cell-specific genes, signal-
ing pathways because of
cross-talk between two cel-
l types
Bonnet et al.
(2011)
Ovarian RNA-seq of three
ewes each from high-
(Small-tailed Han) and
low-fecundity (Surabaya
fur) breeds while on estrus
gene expression,
GO enrichment,
and qRT-PCR
TGFBP1 as high prolifi-
cacy candidates, protein
synthesis activity related
to prolificacy
Miao and Luo
(2013)
Twelve hypothalamic sam-
ples from Po and Mo Small-
tailed Han sheep during the
follicular (3P and 3M) and
luteal (3P and 3M) phase
lncRNA expression,
lncRNA-target i-
dentification, and
network analysis,
qRT-PCR
protein synthesis in hy-
pothalamus linked to ovu-
lation rate
Zhang et al.
(2019)
Ovarian RNA-seq from mul-
tiparous (n = 5) and uni-
parous (n = 5) groups of
Mexican Pelibuey breed
gene expression,
GO and KEGG,
and qRT-PCR
354 DEGs Hernández-
Montiel et al.
(2019)
Twelve uterine samples
from Po and Mo small-tail
Han sheep during the fol-
licular (3P and 3M) and
luteal (3P and 3M) phase
mRNA and lncR-
NA expression,
mRNA–lncRNA
network. qRT-
PCR
25,104 lncRNAs, 20,908
mRNAs, 16,016 novel
transcripts; DEGs as-
sociated with ovarian
steroidogenesis, retinol
metabolism, oxytocin
signaling pathway
La et al.
(2019)
Tail phenotypes
Three Chinese sheep breeds
with different tail phe-
notypes (long fat-tailed,
thin-tailed, and short thin-
tailed), three animals in
each group
gene and lncR-
NA expression,
lncRNA-gene co-
expression, GO,
and KEGG
DEGs and lncRNAs as-
sociated with enlargement
of adipose tissues
Ma et al.
(2018)
Adipose tissues of three
male lambs each from Irani-
an fat- (Lori-Bakhtiari) and
thin-tailed (Zel) breeds
gene expression,
GO and KEGG,
protein-protein
interaction, and
qRT-PCR
264 DEGs (mostly associ-
ated with lipid metabolis-
m)
Bakhtiarizadeh
et al. (2019)
Muscle development and meat quality
Analysis of meat quality us-
ing nine muscle types on
four Poll Dorset cross-bred
male lambs
De novo assembly,
DE, GO, and qRT-
PCR
DEGs were associated
with several properties
of meat (e.g., yellowness,
tenderness, pH, and
water-holding capacity)
Armstrong
et al. (2018)
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Table 1.2: Previous studies performed using RNA-seq in sheep
Experimental design Analysis methods Results Reference
RNA-seq of the longissimus
dorsi muscle from three
adult ewes and three em-
bryos
lncRNA expression,
target prediction,
enrichment, and
qRT-PCR
varying lncRNA expres-
sion at two different
stages
Li et al. (2019)
Milk
Milk samples from four
Churra and four Assaf ewes,
days (D10, D50, D120, and
D150) after lambing
variant iden-
tification and
annotation
variants in genes related
to protein and fat content
in milk
Suárez-Vega
et al. (2017)
Immunity
Three male and three fe-
male crosses of Texel and
Scottish Blackface (BFxT);
one cell type (bone marrow-
derived macrophages), six
tissues
allele-specific ex-
pression (ASE)
analysis
ASE analysis pipeline,
ASE profiles were tissue-
and/or cell-type-specific
Salavati et al.
(2019)
Disease
RNA-seq of the udder and
spleen from three M. a-
galactiae-infected and three
healthy ewes (Austrian
mountain breed)
gene expression,
qRT-PCR
upregulated DEGs mainly
associated with immuno-
inflammation
Chopra-
Dewasthaly
et al. (2017)
RNA-seq of lung samples
(pooled) from four jaagsiek-
te sheep retrovirus (JSRV)-
infected and four mock-
infected sheep
gene expression,
comparison with
human data,
RT-PCR, immuno-
histochemistry
DEGs associated with im-
munomodulation and car-
cinogenesis
Karagianni
et al. (2019)
Merino ewes (n = 63)
grouped by osteotomy mod-
els for standard and delayed
bone healing, RNA-seq of
pooled samples of 4–5 ewes
from each group (D7, D11,
D14, and D21) after surgery
gene expression,
GO, clustering,
and qRT-PCR
genes (eg. cytokines) and
GO terms (e.g., striat-
ed muscle contraction and
contractile fiber) associat-
ed with bone healing
Jäger et al.
(2011)
Chapter 2
Aims of the Study
Farm animal genetic resources have a high socio-economic importance. Studies
are warranted to characterize animal genetic resources in order to enable the ap-
propriate and sustainable utilization of native breeds for guaranteeing future food
security (Kantanen et al., 2015; Tixier-Boichard et al., 2015). The primary fo-
cus of the current work was to characterize the productive traits of Finnsheep, a
globally important domestic sheep native to Finland; this thesis also addresses an
action plan of the Food and Agriculture Organization (FAO) of the United Nations
(UN) for animal genetic resources1 and is also part of Finland’s National Genetic
Resources Programme for Agriculture, Forestry and Fishery2 coordinated by the
Natural Resources Institute Finland (Luke).
The overarching aim of this thesis was to apply genomic approaches to gain
an insight into sheep reproduction in general and specifically analyze the interplay
between relevant reproductive tissues and gene expression within and between
high- and low-prolific sheep breeds. The specific aims for this thesis were obtained
from four different experimental settings (see 3.2 for details)–pilot experiment,
first phase of the main experiment, second phase of the main experiment, and the
additional experiment.
Pilot experiment: The pilot experiment (I, II) was conducted to evaluate the
overall experimental and computational aspects of the main experiment.
First phase of the main experiment: The aims of the first phase of the main
experiment (III) were to: (a) assess gene expression dynamics in sheep ovaries
during the follicular growth phase of the estrous cycle, (b) compare gene expression
differences between high-prolific (Finnsheep) and low-prolific (Texel) sheep and
1http://www.fao.org/3/a1404e/a1404e00.htm
2http://urn.fi/URN:ISBN:978-952-366-182-0
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their F1 crosses, (c) assess the impact of a flushing diet on folliculogenesis, and (d)
assess the role of miRNA in gene regulation.
Second phase of the main experiment: For the second phase of the main
experiment, we initially aimed to obtain an insight into the interplay between
the endometrium and corpus luteum (CL) during the preimplantation stage of
pregnancy. However, after realizing the sampling bias in the endometrium data,
the transcriptome profiles of the two tissues were separately analyzed (IV, V).
Moreover, miRNAs expressed in the CL and endometrium and their possible roles
in gene regulation were assessed (VI).
Additional experiment: The main aim of the additional experiment (VII) was
to compare gene expression differences between domestic (Finnsheep) and feral
(European mouflon) sheep in two reproductive tissues––the ovary and endometri-
um. The role of miRNA-mediated post-transcriptional gene regulation was as-
sessed using integrated mRNA-miRNA analysis.
Chapter 3
Materials and Methods
3.1 Breeds under study
Two domestic sheep breeds (i.e., Finnsheep and Texel), their F1 crosses, and feral
European mouflon sheep were evaluated. Finnsheep (suomenlammas in Finnish)
is native to and is the national sheep breed of Finland (Fig. 3.1). Finnsheep
have been reported to be existing since the Iron Age and are survivors of the first
migratory event from the Fertile Crescent to Europe (Chessa et al., 2009; Ryder,
1981). Finnsheep are among the most prolific sheep breeds worldwide (Baird
and Campbell, 1998) and are exported to more than 40 countries for developing
composite/synthetic breeds through cross-breeding programs. Of note, Dolly, the
most famous sheep, was cloned using 50% of genetic material from Finnsheep1.
While most sheep normally breed in autumn, Finnsheep ewes can become pregnant
during out-of-season breeding periods as well. Other characteristics of Finnsheep
include early-age pregnancy and low lamb mortality2. The average litter size of
Finnsheep is 2.8 (Fahmy and Dufour, 1988; Maijala, 1988); however, there have
been several reports of more than five lambs per litter, including an unofficial
world record of nine lambs in a single parturition. Overall, the Finnsheep genome
may provide clues to several interesting phenotypes, such as adaptation to cold
climates, domestication history, and exceptional prolificacy including year-round
lambing.
1https://dolly.roslin.ed.ac.uk/facts/the-life-of-dolly/index.html
2https://www.finnsheep.org/finnsheep-in-print/finnsheep-in-spin-off/
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Figure 3.1: Finnsheep ewe. Photo by Sarita Mikkonen
Figure 3.2: Texel ewe that won the ”Best ewe show” award during the OKRA agricultural fair
2018. Photo provided by Paula Kiiski
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The Texel breed originated from Texel island, Netherlands during the early
20th century from crosses of local breeds with British (e.g., Leicester, Longwool
and Lincoln) and Northern European breeds (Arnaud et al., 2007). They are also
an important breed of sheep known for their good conformation, muscularity, and
carcass leanness (Fig. 3.2). However, owing to their average litter size of 1.5, they
are not as prolific as Finnsheep.
Figure 3.3: A male Sardinian mouflon. Photo by Valeria De Gioannis (valeriadegioannis.com)
Feral European mouflons (Ovis orientalis musimon) are the only European
wild-type sheep species. Although Asiatic mouflons (Ovis orientalis) are consid-
ered the ancestors of modern sheep (Hiendleder et al., 2002), European mouflons
are thought to be the relics of the first sheep migratory event that occurred ∼6–
7,000 years ago in the Mediterranean islands of Corsica and Sardinia (Chessa et al.,
2009). After readaptation to the feral life, they were introduced across mainland
Europe during the 19 th century (Guerrini et al., 2015; Poplin, 1979). Today, mou-
flons can be found in different regions of Europe, including Finland. The mouflons
(current estimate is over 100 animals) in Finland were introduced to two islands,
one in the Gulf of Finland and the other on Säppi island located in the Bothnian
Bay (Ruusila and Kojola, 2010). Mouflon rams are characterized by spectacular
horns, whereas ewes are typically polled (Fig. 3.3).
3.2 Experimental design
Animal handling and all procedures of feeding experiments and tissue sampling
were conducted under the license approved by the Southern Finland Animal Ex-
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periment Committee (approval ESAVI/5027/04.10.03/2012). All experimental do-
mestic sheep were kept at Pusa farm in Urjala (coordinates: 61◦05’N 023◦33’E),
southwest Finland. Biopsy samples from mouflon sheep were collected as soon
as possible after being killed by hunters on Säppi island (coordinates: 61◦28.6’N
021◦21.1’E) on the Bothnian Sea coast. The experiments conducted in this the-
sis are summarized in Fig. 3.4 and can be categorized as pilot experiment, main
experiment, and additional experiment.
The pilot study involved the transcriptome profiling of two Finnsheep ovaries
collected during the out-of-season breeding period (I and II).
Pilot experiment 
2 FIN ewes 
Experiment started
11 FIN, 11 TEX, 9 F1
One ovary removed 
from each ewe
Ewes mated
Ewes slaughtered
RNA-Seq 
1 month
3 weeks
~2 weeks
Data analysis
CL
, E
nd
om
etr
ium
Ovary
Ovary
3 mouflon ewes
killed by hunters
O
vary
Endom
etrium
Figure 3.4: Experimental design. Abbreviations: FIN - Finnsheep, TEX - Texel, F1 - F1
crosses of FIN and TEX
The main experiment involved RNA-seq of three reproductive tissues: the
ovary, CL, and endometrium. To study the nutritional impact, half of the ewes
from each breed were maintained on a flushing diet throughout the experiment (for
details of feeding experiments, see Additional file 1 of III). The main experiment
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was carried out at two different time points (phases) during the establishment
of pregnancy: follicular growth phase (first phase) and early pregnancy prior to
implantation (second phase). In the first phase, one ovary from each ewe (11
Finnsheep, 11 Texel, and 9 F1) was surgically excised during the follicular growth
phase of the estrus cycle. Blood parameters and hormonal measurements (see
Additional file 2 in III) were evaluated to follow estrus cycle progression in order
to estimate sample collection during the first phase of the experiment. In the
second phase, the sheep were mated and slaughtered at different time points (7–17
days after mating) during early pregnancy to collect another set of tissue samples
(the liver, embryos, CL, and uterus) from all animals. Among the tissues collected
during the second phase, only the CL and uterine epithelia of six animals from
each breed were utilized for RNA-seq.
A B C
Figure 3.5: Reproductive tissues under study. The whole ovary (A) was used in the first
phase of the study. The luminal epithelia from the uterine horns (B) and CL from the ovary (C)
were used in the second phase of the study
An additional experiment was conducted to understand the evolution of repro-
duction by comparing the ovarian and endometrial transcriptome profiles of domes-
tic (Finnsheep) and feral (European mouflon) sheep. RNA-seq data of Finnsheep
ewes selected from the main experiment were compared with newly sequenced
RNA-seq data of mouflon ewes (VII). In this study, ovarian samples from six
Finnsheep ewes were compared with the corresponding tissue of three mouflon
ewes (six samples, including three technical replicates). Similarly, endometrial
RNA-seq data of two Finnsheep were compared with those of one mouflon ewe (t-
wo biological replicates representing two uterine horns, see materials and methods
section of VII).
3.3 Methodological considerations
The development of genomics methods and tools is an active area of research, and
it remains difficult to identify a universal tool or standard method for analysing
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high-throughput sequencing data. Many studies have employed multiple tools
and resources before selecting the most appropriate method. Furthermore, sev-
eral steps in data analysis are flooded by such choices. This section highlights
how such tools, methods, and parameters have been applied to different stud-
ies of this thesis. The gene expression profiles in the endometrium tissues were
apparently influenced by the physiological changes during embryonic growth, as
revealed by the principal component analysis (PCA) plot (Fig. 4.3). Because of
this bias, further experiments, such as DE between breeds, were not performed
for the endometrial RNA-seq data. Instead we compared the overall gene expres-
sion differences in the endometrium samples influenced by spherical and elongated
embryos (V). For biopsy, the tissue samples of domestic sheep were collected in a
more controlled environment, whereas those of European mouflons were collected
after being hunted. In publication II, a 100-bp paired-end strategy was used to
sequence miRNAs, and only forward reads were used for downstream analysis. In
the remaining experiments, a 50-bp single-end strategy was adopted for miRNA
sequencing.
Sample collection
and preparation Library preparation Sequencing
QC/data filtrationMapping/quantification
Expression analysis GO/KeggmRNA-miRNAIntegration (III, V)
Variant analysis
(III)
Figure 3.6: Sequencing and data analysis flowchart. Minimalistic overview of the sequenc-
ing and data analysis
There are some variations in the tools and methods used for RNA-seq data
analyses. Because of insufficient sample sizes, DE analyses were not performed in
the pilot study (I, II). In III, miRNA-seq data were analysed using CAP-miRSeq, a
semi-automated pipeline (Sun et al., 2014). Variant analysis in III did not provide
useful data, except that the presence of miRNA cluster in sheep chromosome 18
(C18MC) was first noted in miRNA-seq variant analyses. Variant analyses and
qRT-PCR did not reveal any substantial information and were, therefore, not
considered in subsequent studies. Majority of the data analyses (I, II, III, V, VI)
were performed using the Texel reference genome (Oar3.1). Oar4.0 (the improved
version of Oar3.1) and the recent Rambouillet reference genome were used in VII
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and IV, respectively. Moreover, the transcriptome of European mouflon sheep
was assembled de novo. In all cases, gene annotations were based on the Texel
reference genome (Oar3.1).
Mapping and quantification tools have received increased attention in RNA-
seq data analyses. Tophat2 was mainly used for mapping mRNA reads (I, III and
VII); however, in IV (in addition to STAR) and V, the reads were quantified at the
transcript level using Salmon. The Salmon counts were later summarised at the
gene level using the tximport R package (Soneson et al., 2016), prior to DE analysis.
All miRNA-seq reads were aligned using Bowtie. Similarly, another important
procedure in RNA-seq data analysis, i.e., DE analysis, was mainly performed
using DESeq2, except in VII wherein EdgeR was used to compare gene expression
in mouflon tissues (mRNA-seq; ovary vs. endometrium), Cuffdiff was used to
compare gene expression between species, and DESeq was used for miRNA DE
analysis. Significantly differentially expressed genes from the comparisons were
selected based on the adjusted p-values (padj) and log2(fold-change) (LFC) ratios.
Blast2GO was initially used for gene annotation and enrichment analyses (I).
After the free version of Blast2GO was discontinued, alternative programs, namely
ClueGO (III, IV, V), DAVID (VII), and PANTHER (VII), were used for GO and
KEGG pathway analyses. All gene annotations (gene name, gene description,
chromosome number, and in some cases, human orthologs) were retrieved using
the Bioconductor biomaRt package. Moreover, BLAST was used as a last resort
for sequence similarity-based annotations (e.g., novel genes and miRNAs).
The following table summarizes the tools and other resources utilized in this
thesis.
Table 3.1: List of tools and methods used in this thesis
Methods/Tools Publication
RNA extraction
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) I–VII
Library preparation
Illumina TruSeq® total RNA I, II
Illumina TruSeq® stranded mRNA III, IV, V, VII
Illumina TruSeq® small RNA III, VI
Sequencing
Illumina HiSeq 2000 I–VII
Data screening and summarization
FastQC (Andrews, 2019) I–VII
MultiQC (Ewels et al., 2016) IV, V
Plink (Purcell et al., 2007) III
Data trimming and adapter removal
Cutadapt (Martin, 2011) I–III, VII
PRINSEQ (Schmieder and Edwards, 2011) II, VII
TrimGalore (Krueger, 2019) IV, V, VI
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Table 3.1: List of tools and methods (continued)
Alignment and assembly (mRNA data)
TopHat2 (Kim et al., 2013) I, III, VII
STAR (Dobin et al., 2013) IV
Cufflinks (Trapnell et al., 2010) I, III, VII
Trinity (Grabherr et al., 2011) VII
Mapping and discovery of miRNAs
Bowtie (Langmead et al., 2009) II, III, VI
MirDeep2 (Friedländer et al., 2012) II, III, VI
miRBase (Griffiths-Jones et al., 2008) II, III, VI, VII
CAP-miRSeq (Sun et al., 2014) III
Quantification
RSEM (Li and Dewey, 2011) VII
HTSeq-count (Anders et al., 2015) III, IV
Salmon (Patro et al., 2017) IV, V
mRNA-miRNA integration
TargetScan (Agarwal et al., 2015) II, III, VII
Variant analysis and annotation
SAMTOOLS (Li et al., 2009) III
IGV (Thorvaldsdóttir et al., 2013) I, III
GATK (McKenna et al., 2010) III
VEP (McLaren et al., 2016) III
Gene/transcript annotation
Blast2GO (Conesa et al., 2005) I
Cytoscape (Shannon et al., 2003) III, IV, V
ClueGO (Bindea et al., 2009) III, IV, V
biomaRt (Durinck et al., 2009) III, IV, V
BLAST (Madden, 2003) I, III–V, VII
PANTHER (Mi et al., 2016) VII
DAVID (Dennis et al., 2003) VII
Differential expression analysis
DESeq (Anders and Huber, 2010) VII
DESeq2 (Love et al., 2014) III–VI
EdgeR (Robinson et al., 2010) VII
Cuffdiff (Trapnell et al., 2010) VII
Validation experiment
qRT-PCR II, III
Sanger sequencing III
Chapter 4
Results and Discussion
4.1 Sequence data
Altogether, 853 gigabytes of compressed raw data (fastq.gz) were generated for
seven studies representing three experimental settings. The mRNA- and miRNA-
seq data along with sample information have been uploaded to the European
Nucleotide Archive. The primary accession codes associated with the published
data are as follows: PRJEB34419 (I), PRJEB34418 (II), PRJEB22101 (III), PR-
JEB32852 (IV, V, VI), and PRJNA451237 (VII).
4.2 Pilot study (I, II)
A total of 14,875 genes and 304 mature miRNAs (including 60 novel sheep miR-
NAs) were expressed in the two ovary samples included in the pilot study. As
the biopsy of the ovary was performed during the out-of-season breeding period,
several genes (NTRK2, NID1, FOXO1, HTRA1, SERPINE2, and PPAP2B) po-
tentially associated with out-of-season breeding (Chen et al., 2012) were expressed.
A sequence similarity search revealed that the sequences of these genes were main-
ly similar to sequences from other mammals (cow, human, dolphin, killer whale,
pig, yak, giant panda, wolf, white-cheeked gibbon, bat, etc.), pathogens (e.g., Orf
virus), and even insects (silkworm). These findings corroborated those of oth-
er studies (Sangiovanni et al., 2019; Whitacre et al., 2015), providing important
information for improving the existing annotations and annotating novel genes.
Therefore, it is very important to consider distantly related species during the
genome annotation process. In particular, the presence of Orf virus (the third
most common species in the BLAST result, see Fig. 3 in I) sequences in the data
is of great interest. It is likely that the genome of the Orf virus existed either as
a retroelement or as a pathogen (Sangiovanni et al., 2019; Usman et al., 2017).
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4.3 Phenotype observations (III,IV,VII)
All 31 domestic ewes included in the main experiment were mature, with an average
weight and age of 71.2 kg and 4.25 years, respectively. Pedigree records and
distance matrix based on identity by state (IBS ) from 700k SNP markers of the
31 ewes showed that the F1 crosses had a 50% genetic composition of Finnsheep
and Texel each (III, also see Fig. S1 therein). Of the three European mouflons,
one was estimated to be 5–6 years old, whereas the other two were younger (∼1.5
years). The reproductive stage of the mouflon ewes was not known, except for
the fact that the older mouflon had a CL. One of the key findings of the diet
experiment was that the body condition score (BCS) of the ewes on the flushing
diet did not change significantly. Over 6 weeks, the average increase in the BCS
was 0.26, which is much lower than the typically expected BCS increase of 1 during
this period (Dillon et al., 2002).
The number of CLs and embryos appeared to be closer to the possible litter-
sizes as compared to the ovarian follicles (Table 4.1). Nevertheless, on average,
Finnsheep showed the largest number of follicles. Interestingly, the embryo sur-
vival rate (the difference between the number of CLs and embryos) was higher
in Texel sheep than in Finnsheep. On average, 2.6 embryos were obtained from
4.1 CLs in Finnsheep (63%), whereas 1.5 embryos were obtained from 1.7 CLs
in Texel sheep (88%). Similarly, the 1.8 embryos obtained from 3.75 CLs in F1
indicated the lowest (48%) embryo survival rate among the three breeds. The
general observation that ewes with a higher ovulation rate also showed a greater
embryo mortality rate corroborates the findings of previous reports (Rhind et al.,
1980; Silva et al., 2016). To validate the accuracy of these results, more samples
are required.
Table 4.1: Key phenotype records. The average number of ovarian follicles, CLs, and embryos
in three breeds of domestic sheep. The number of CLs and embryos in pure breeds were mostly
proportional to the average litter size estimates, whereas the number of follicles was rather
random. For F1 crosses, the number of CLs was closer to that for Finnsheep, whereas the
number of embryos was more similar to that for Texel ewes
Finnsheep Texel F1
Flushing Control Flushing Control Flushing Control
Follicles 11 12.8 9.2 10.2 9.5 7.5
CLs 4.1 1.7 3.75
Embryos 2.6 1.5 1.8
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4.4 Highly expressed genes and their significance
(III, IV, V)
Highly expressed genes reflected the shared and unique activities of the three re-
productive tissues examined in this thesis. A total of 16,402, 21,287, and 21,125
genes were expressed in the ovary, CL, and endometrium, respectively. The top 25
expressed genes in each tissue were dominated by mitochondrial genes (12 each in
the ovary and CL, 9 in the endometrium) in all three tissues. The abundance of the
mitochondrial genes was proportional to the energy requirement of the given tis-
sues. In humans, the heart and brain are known to have a high proportion (∼30%)
of mitochondrial genes, whereas tissues involved in reproduction (e.g., the ovary,
testes, and prostate) are composed of only ∼5% of mitochondrial transcripts (Ali
et al., 2019; Mercer et al., 2011). The high abundance of mitochondrial genes in the
reproductive tissues (e.g., 14% in the ovary) indicated that female reproduction-
related tissues in sheep (polyovulatory species) could be considered as high-energy
tissues. Of the top 25 highly abundant genes, nine were shared by all three tissues,
reflecting that numerous genes are abundantly expressed in many tissues (Ram-
sköld et al., 2009). Similarly, 15 genes were shared by the CL and endometrium,
indicating their common role during preimplantation.
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Figure 4.1: Venn diagram of the top 25 abundant genes in the ovary, endometrium, and CL (III,
IV, V)
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Highly expressed autosomal genes specific to folliculogenesis were associated
with proliferation (SPARC), elongation (EEF1A1), and functions attributed to
ribosomal proteins (RPL4, RPS8, and RPS24). Similarly, genes highly expressed
in the CL and endometrium were associated with implantation-related activities
(conceptus elongation, attachment, migration, etc.), a finding that corroborates
those of earlier studies (Brooks et al., 2016; Song et al., 2006; Spencer et al.,
2016). Genes (STAR and HSD3B1) involved in P4 synthesis (Davis and LaVoie,
2018) and P4-induced genes (e.g., LGALS15, CST3, and CST6) (Spencer et al.,
2016) were among the most abundant genes. Moreover, based on the findings of
Liu et al. (2012), the high abundance of S100A1 in the data indicated successful
reproduction.
4.5 Gene expression during the follicular growth
phase (III)
4.5.1 Relatedness of F1 ewes to pure breeds
The gene expression profiles of F1 crosses in terms of DEGs revealed their close
relatedness with Finnsheep. Phenotypic records from the second phase (IV, V)
of main the experiment also indicated the same (see Table 4.1). Comparisons in-
volving all three settings (between the flushing group, between the control group,
and between groups with diet as the second factor) revealed fewer DEGs between
Finnsheep and F1 compared to that between Texel and F1 (III). For example, a
comparison of F1 crosses involving diet as the second factor revealed 68 DEGs with
Texel sheep but only five DEGs with Finnsheep. Furthermore, F1 crosses shared a
larger proportion of the top expressed genes with Finnsheep (n = 25) compared to
that with Texel sheep (n = 15). As mentioned in 4.3, F1 ewes derived 50% of their
genome each from Finnsheep and Texel sheep; hence, the gene expression-based
observation cannot be explained by Mendelian inheritance. Parent-of-origin effects
(POEs), such as imprinting, genetic coadaptation, and other paternal effects, prob-
ably underlie the transcriptomic dominance of Finnsheep on F1 crosses (Lawson
et al., 2013; Mott et al., 2014; Oreper et al., 2018). From the experimental per-
spective, additional samples, including further crosses and backcrosses, are useful.
Similarly, allele-specific expression analyses of the cross-breeds would reveal genes
relevant to the POE (Guillocheau et al., 2019; Salavati et al., 2019).
4.5.2 Influence of flushing
The results from differential gene expression analysis revealed that the effects of
the flushing diet were most pronounced in Texel ewes followed by F1 crosses; in con-
trast, a null effect was observed in Finnsheep ewes. A total of 118 genes were differ-
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entially expressed between the flushing and control groups of Texel ewes, with most
genes (n = 71) being upregulated in the flushing group. Similarly, 25 genes were
differentially expressed in F1 crosses, with only four genes upregulated in the flush-
ing group. In contrast, the same comparison in Finnsheep did not reveal any DEGs.
Comparative gene expression between breeds by using diet as a second factor re-
vealed 38 DEGs between the pure breeds, with most (n = 34) genes upregulated in
Texel ewes due to diet differences. Interestingly, 28 (ABLIM3, ADAMTSL5, CEA-
CAM16, COBLL1, CST6, CYP7B1, DCBLD2, EHD3, EPAS1, FBLN2, FICD,
GRAMD1B, LPAR2, MCFD2, MFAP5, NPY1R, PAPPA, PLXNB3, SCARB1, SE-
MA3F, TC2N, TSPAN2, ENSOARG00000005699, ENSOARG00000012224, EN-
SOARG00000014207, ENSOARG00000002778, ENSOARG00000017163, and EN-
SOARG00000000531) of the between-breed (Finnsheep vs. Texel) DEGs over-
lapped with those of the within-breed (Texel, flushing vs. control) DEGs; this
yielded a list of candidate genes for further validation. Similarly, 68 DEGs were
identified between Texel and F1 of which 44 were upregulated in Texel. The least
(n = 5) number of DEGs were found in Finnsheep and F1, with CA5A and CSR-
P3 upregulated in F1 crosses.Thus, gene expression comparisons revealed that the
flushing diet did not influence the highly prolific Finnsheep; however, low-prolific
Texel ewes were affected by additional nutrition, which may have led to an increase
in the ovulation rate.
4.5.3 GDF9 mutation
No known major candidate genes linked to prolificacy (see Table 1.1) were dif-
ferentially or abundantly expressed in any breed-wise comparisons made in this
thesis. Polymorphisms in GDF9 were visually assessed using IGV, which revealed
the presence of a mutation (rs403536877, C-T transition at 5:41841285), leading
to a change in valine (V) at position 371 to methionine (M). Referred to as FecGF,
this polymorphism has been reported in Finnsheep (Mullen and Hanrahan, 2014),
Norwegian White (Våge et al., 2013), and Belclare (Mullen et al., 2013) sheep.
However, all of these breeds were developed upon crossing with Finnsheep, sug-
gesting the origin of FecGF. GDF9 screening on a larger population of Finnsheep
(n = 31) and Texel (n = 32) ewes using Sanger capillary PCR revealed an FecGF
mutation frequency of 0.70 in Finnsheep, corroborating the RNA seq data.
In addition to GDF9 mutation, we observed a SNP (rs413226920; D129E) in
the haemoglobin subunit beta (HBB) gene where three Finnsheep, two F1 crosses,
and none of the Texel ewes carried this mutation. HBB was also significantly
upregulated in Finnsheep compared to Texel, and thus, was considered a candidate
gene for increased ovulation rate in Finnsheep. Larger population level screening
of these mutations will be useful for evaluating their effects and consequently,
validating the observations made in this study.
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4.6 Gene expression dynamics during preimplan-
tation (IV, V)
Crosstalk between the CL and endometrium was observed, and the characteristic
role of each tissue was defined based on the differential gene expression profiles.
Fifteen of the top 25 highly expressed genes were common in the CL and endometri-
um (see 4.4). Additionally, 5,393 genes were differentially expressed (LFC > ±2)
between these two tissues. While a significant difference in gene expression profiles
was illustrated by tissue-specific clusters (Fig. 4.3), these results may have been
influenced by the within-tissue variation of the endometrium samples (see 4.6.2)
and should be considered with caution. Among the DEGs, several genes belong-
ing to the same or similar families of genes or proteins were present (some such
groups have been summarized in Table 4.2), indicating their functional prevalence
or significance.
Table 4.2: Selected DEGs that belong to functionally similar groups of genes
DEG groups Upregulated in LFC range
Protocadherins (16) CL 2.3–10.5
EHD proteins(3) CL 3.3–6.3
Cilia- and flagella-associated proteins (4) endometrium 2.1–5.2
Desmosomomes (7) endometrium 2.9–9.4
Homeobox A (7) and B (10) endometrium 2.2–9.9
Homeobox C (4) and D (1) CL 4.7–9.5
TGFBs and their receptors (8) CL 2.0–4.9
Thrombospondins (10) CL 2.8–8.6
Guanylate binding proteins (7) CL 2.0–3.1
Plakophilins (3) endometrium 3.0–10.2
ERV group K (3) endometrium 8.1–10.4
Some other handpicked genes upregulated in the CL included STAR (LFC =
10), FSH receptor (FSHR and LFC = 10), Inhibin A (INHA), PEG10 (paternally
imprinted gene, LFC = 9.8), period circadian regulator 3 (PER3), and BMPR1B
(LFC = 3.6). Moreover, genes involved in progesterone formation were upregulated
in the CL, with STAR and HSDB31 ranking among the top 25 most abundantly
expressed genes. In general, a group of DEGs from several families were shared
between the two tissues. However, the CL appeared to have more tissue-specific
DEGs. One reason for this is that the CL tissues are more homogenous than the
endometrium tissues.
In addition to the three transcripts belonging to endogenous retrovirus (ERV)
group K, which were significantly upregulated in the endometrium (Table 4.2),
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several transcripts related to ERVs were expressed and there were comparatively
more in the endometrium samples than in the CL samples; however, a majority
of the ERV transcripts were classified as novel genes. One notable transcript
(ENSOARG00000009959), originally classified as a ”novel gene,” was predicted to
be an ERV, which is part of the reduced FecL locus known to affect prolificacy in
Lacaune sheep (Drouilhet et al., 2013). A BLAST search using the coding sequence
of the novel transcript against the NR database resulted in several hits, including
the sequence that is part of the FecL locus (gene bank ID: KC352617), the sequence
from bighorn sheep chromosome 17 (gene bank ID: CP011902.1, Ovis canadensis),
and the partial sequence of ovine endogenous-virus beta-2 pro/pol region (gene
bank ID: AY193894.1). More than 95% of pairwise sequence similarity as well as
the multiple sequence alignment indicated that the novel transcript is possibly an
ERV and is part of the FecL locus (Fig.4.2). Previous studies have reported the
role of ERVs during pregnancy, including protecting the uterus against pathogens,
involvement in blastocyst development, and contribution to placentation (Dunlap
et al., 2006; Spencer et al., 2007; Spencer and Palmarini, 2012). They have also
been utilized to trace the domestication events and evolution of different sheep
breeds (Chessa et al., 2009). At least 32 ERVs integrated into the sheep genome
have been identified (Sistiaga-Poveda and Jugo, 2014); however, there are likely
many which remain to be characterized.
32 4 Results and Discussion
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
OC43U
nERV
RFecL
kERV
- - - - - - - - - - - - - - - - - - - - - - - T C A C C A T Y T CG T SGG A A A A C T T G T AG C C A C T G C T C AG A T T C C T YG AG C T C T C C CWT T K A A A T GG T T A A C T G A T G T Y C C T A A A T GG R
A AG T A C AGG A A A A AG A A C A A T G C T C A C T A T C T CG T CGG A A A A C T T G T AG C C A C T G C T C A A A T T C C T CG AG C T C T C C C A T T G A A A T GG T T A A C T G A T G T C C C T A A AGGGG
- - - - - - - - - - - - - - G A A C A A C A C T C A C C A T G T CG T CGG A A A A C T T G T AG C C A C T G C T C AG A T T C C T CG AG C T C T C C C A T T G A A A T GG T T A A C T G A T G T C C C T A A A T GGG
- - - - - - - - - - - - - - G A A C A A C A C T C A C C A T C T CG T CGG A A A A C T T G T AG C C A C T G C T C AG A T T C C T CG AG C T C T C C C A T T G A A A T GG T T A A C T G A T G T C C C T A A A T GGG
T T G AG C A R T KG CWG C T T C C A A A AG T G A AG C T CG AGG C T T T AG A A C A A T T AG T A A A AG A A C AG C T T C A A T C T GG C C A T R T T R A A Y C T T C T A C R T C T C C T T GG A A T T C T C C
T T G AG C AG T GG C CG C T T T C A A A AG T G A AG C T CG AGG C T T T A A A A C A A T T AG T A A A AG A A C AG C T T C A A T C T GG C C A T A T T G A A C C T T C T A CG T C T C C T T GG A A T T C T C C
T T G AG C AG T GG C CG C T T C C A A A AG T G A AG C T CG AGG C T T T AG A A C A A T T AG T A A A AG A A C AG C T T C A A T C T GG C C A T A T T A A A C C T T C T A CG T C T C C T T GG A A T T C T C C
T T G AG C AG T GG C CG C T T C C A A A AG T G A AG C T CG AGG C T T T AG A A C A A T T AG T A A A AG A A C AG C T T C A A T C T GG C C A T A T T G A A C C T T C T A CG T C T C C T T GG A A T T C T C C
T G T T T T T G T C A T T A AG A A A A A A T C T GG T A A A T GG AG A A T G T T RWC T G A T T T A AGGGM AG T T A A C A A A T G T A T A R A A C C T A T GGG AG C T T T G C A A T T AGG T C T C C C T T C T
T G T T T T T G T C A T T A AG A A A A A A T C T GG T A A A T GG AG A A T G T T A A C T G A T T T A AGGG C AG T T A A C A A A T G T A T AG A A C C T A T GGG AG C T T T G C A A T T AGG T C T C C C T T C T
T G T T T T T G T C A T T A AG A A A A A A T C T GG T A A A T GG AG A A T G T T G A C T G A T T T A AGGG C AG T T A A C A A A T G T A T AG A A C C T A T GGG AG C T T T G C A A T T AGG T C T C C C T T C T
T G T T T T T G T C A T T A AG A A A A A A T C T GG T A A A T GG AG A A T G T T G A C T G A T T T A AGGG C AG T T A A C A A A T G T A T AG A A C C T A T GGG AG C T T T G C A A T T AGG T C T C C C T T C T
C C T G C T T T G A T T C C A C AGG A T T GG T C T T T G A T RG T T T T AG A T T N N N N N N A T T G T T T T T T T T T T T T T T T A T A T T C C T T T G C A A A T A A A AG A T AG A A A T A A A T T T G C T K T T
C C T G C T T T G A T T C C A C AGG A T T GG T C T T T G A T GG T T T T AG A T T T G A AGG A T T G T T - - - - - - - T T T T - - - T A T T C C T T T G C A A A T A A A AG A T AG A A A T A A A T T T G C T T T T
C C T G C T T T G A T T C C A C A AG A T T GG T C T T T G A T GG T T T T AG A T T T G A AGG A T T G C T - - - - - - - T T T T T A A T A T T C C T T T G C A A A T A A A AG A T AG A A A T A A A T T T G C T T T T
C C T G C T T T G A T T C C A C AGG A T T GG T C T T T G A T GG T T T T AG A T T T G A AGG A T T G T T - - - - - - - T T T T T A A T A T T C C T T T G C A A A T A A A AG A T AG A A A T A A A T T T G C T T T T
A C T A T T C C AG T G T A T A A T C A T GGG C AG C C CG T A A A A YG T T A T C A A T GG A C AG T G T T G C C T C A AGG A A T G A T T A A T AG C C C T A C A C T T T G T C AGG AG T T T G T T R A T YG T G
A C T A T T C C AG T G T A T A A T C A T GGG C AG C C CG T A A A A CG T T A T C A A T GG A C AG T G T T G C C T C A AGG A A T G A T T A A T AG C C C T A C A C T T T G T C AGG AG T T T G T T A A T CG T G
A C T A T T C C AG T G T A T A A T C A T GGG C AG C C CG T A A A A CG T T A T C A A T GG A C AG T G T T G C C T C A AGG A A T G A T T A A T AG C C C T A C A C T T T G T C AGG AG T T T G T T G A T CG T G
A C T A T T C C AG T G T A T A A T C A T GGG C AG C C CG T A A A A CG T T A T C A A T GG A C AG T G T T G C C T C A AGG A A T G A T T A A T AG C C C T A C A C T T T G T C AGG AG T T T G T T A A T CG T G
C T C T T A T T A C T G T G AG A C A A C A A T T T T C T A A T T G T C T T C T C T A T C A T T A T A T AG A T G A T C T T C T A T T GG C AG C T C C T AG T A A AG A R R A A C R AG A T AM A T T T T T T T A T T C
C T C T T A T T A C T G T G AG A C A A C A A T T T T C T A A T T G T C T T C T C T A T C A T T A T A T AG A T G A T C T T C T A T T GG C AG C T C C T AG T A A AG AGG A A CG AG A T A C A T T - T T T T A T T C
C T C T T A T T A C T G T G AG A C A A C A A T T T T C T A A T T G T C T T C T C T A T C A T T A T A T GG A T G A T C T T C T A T T GG C AG C T C C T AG T A A AG AGG A A C A AG A T A A A T T - T T T T A T T C
C T C T T A T T A C T G T G AG A C A A C A A T T T T C T A A T T G T C T T C T C T A T C A T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A T G T R A A R A A AG C T T T A AG T G A T T T T A A T C T T C A A A T T G C T C C T R A A A A A A T T C A A A C T R A A T T T C C T A T T T C A T A T T T AGG T G C T A T T T T RG A A C R A C A A A R A A T A A A
A T G T A A AG A A AG C T T T A AG T G A T T T T A A T C T T C A A A T T G C T C C T G A A A A A A T T C A A A C T G A A T T T C C T A T T T C A T A T T T AGG T G C T A T T T T GG A A CG A C A A AG A A T A A A
A T G T G A AG A A AG C T T T A AG T G A T T T T A A T C T T C A A A T T G C T C C T A A A A A A A T T C A A A C T G A A T T T C C T A T T T C A T A T T T AGG T G T T A T T T T GG A A CG A C A A AG A A T A A A
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A C C T C A A A A RG T C C A A A T T AG A YG AG A T A A T T T R A A A A C T C T T A A T G A T T T T C A R A AG C T T T T GGG T G A T A T T A A C T GG T T A CG T C C C A T G T T AGGG A T T C C T A C A C A T
A C C T C A A A AGG T C C A A A T T AG A CG AG A T A A T T T G A A A A C T C T T A A T G A T T T T C AG A AG C T T T T GGG T G A T A T T A A C T GG T T A CG T C C C A T G T T AGGG A T T C C T A C A C A T
A C C T C A A A A AG T C C A A A T T AG A CG AG A T A A T T T G A A A A C T C T T A A T G A T T T T C AG A AG C T T T T GGG T G A T A T T A A C T GG T T A C A T C C C A T G T T AGGG A T T C C T A C A C A T
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C A A T T G CG T C A T T T A T T T T C T A C Y T T RG AGGG T G A T R C T G C T C T T A A C AG T C C T CG A T C T C T T A C T T C T C A AG C A A A AG AG R A A T T A C A C T T T G T AG AG C A A CGG T T R A
C A A T T G CG T C A T T T A T T T T C T A C T T T AG AGGG T G A T A C T G C T C T T A A C AG T C C T CG A T C T C T T A C T T C T C A AG C A A A AG AGG A A T T A C A C T T T G T AG AG C A A CGG T T A A
C A A T T G CG T C A T T T A T T T T C T A C T T T AG AGGG T G A T A C T G C T CG T A A C AG T C C T CG A T C T C T T A C T T C T C A AG C A A A AG AGG A A T T A C A C T T T G T AG AG C A A CGG T T G A
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A T R A AGGG T T T C T T A C T T A T C T A C A A C A RG A T C A A C C T A T A T A T T T C A T AG T G T T C C A T A C T C C C T A T T C T C Y T A C T GG AG T T A T T G C T C A A T C T G C AGGG T T G A T T G A
A T G A AGGG T T T C T T A C T T A T C T A C A A C AGG A T C A A C C T A T A T A T T T C A T AG T G T T C C A T A C T C C C T A T T C T C C T A C T GG AG T T A T T G C T C A A T C T G C AGGG T T G A T T G A
A T G A AGGG T T T C T T A C T T A T C T A C A A C AGG A T C A A C C T A T A T A T T T C A T AG T G T T C C A T A C T C C C T A T T C T C C T A C T GG AG T T A T T G T T C A A T C T G C AGGG T T G A T T G A
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G T GGG T A T T T T T A C C C A A T A A Y T A T A C A A A A A AG C T T A C T A C T T A T A YGG A T A R A A T T G C T T T C C T T A T T T T R A A AGG T CG AGG C C R T A T T A Y T C AG T T A A T T R R A AG T
G T GGG T A T T T T T A C C C A A T A A T T A T A C A A A A A AG C T T A C T A C T T A T A CGG A T AG A A T T G C T T T C C T T A T T T T G A A AGG T CG AGG C CG T A T T A T T C AG T T A A T T GG A AG T
G T GGG T A T T T T T A C C C A A T A A C T A T A C A A A A A AG C T T A C T A C T T A T A T GG A T AG A A T T G T T T T C C T T A T T T T G A A AGG T CG AGG C C A T A T T A C T C AG T T A A T T GG A AG T
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G A C C C T C A A A C A A T T A T T A C T C A A C T T A C T T CM A C C C A A A T T T C T A A T T G C T T A C AG T T T A A T R A A A A T T GG C AG A T AG C T C T T G C A T C T T A T T C AGGG A C T T T T T C T A
G A C C C T C A A A C A A T T A T T A C T C A A C T T A C T T C C A C C C A A A T T T C C A A T T G C T T A C AG T - - - T T A A T A A T T GG C AG A T AG C T C T T G C A T C T T A T T C AGGG A C T T T T T C T A
G A C C C T C A A A C A A T T A T T A C T C A A C T T C C A C C C A - - - - A A T T T C T A A T T G C T T A C AG T T T A A T G A A A A T T GG C AG A T AG C T C T T G C A T C T T A T T C AGGG A C T T T T T C T A
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A T CWA T A T C C T C A A T C T A A A A T G A T AG A T T T Y C T T CG A C A T A C A T C A A T GG T T T G T A A A T C T C C T A T A T C T A A T A Y T C C AG T T G A AG R A A A A A C T A T T T T T A C AG A T G C
A T C A A T A T C C T C A A T C T A A A A T G A T AG A T T T C C T T CG A C A T A C A T C A A T GG T T T G T A A A T C T C C T A T A T C T A A T A T T C C AG T T G A AGG A A A A A C T A T T T T T A C AG A T G C
A T C T A T A T C C T C A A T C T A A A A T G A T AG A T T T T C T T CG A C A T A C A T C A A T GG T T T G T A A A T C T C C T A T A T C T A A T A T T C C AG T T G A AGG A A A A A C T A T T T T T A C AG A T G C
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C A A T A A A A A T A C T G C T GG C T A T T GG A C T G A T A C T A C T T C T A A AG T T R T T C C A C A T T C C T T T T C T T C T G T G C AG C C T G C T R A A C T T T GGG C C A T T T G T T T G R C A T T A C AG
C A A T A A A A A T A C T G C T GG C T A T T GG A C T G A T A C T A C T T C T A A AG T T G T T C C A C A T T C C T T T T C T T C T G T G C AG C C T G C T G A A C T T T GGG C C A T T T G T T T GG C A T T A C AG
C A A T A A A A A T A C T G C T GG C T A T T GG A C T G A T A C T A C T T C T A A AG T T G T T C C A C A T T C C T T T T C T T C T G T G C AG C C T G C T G A A C T T T GGG C C A T T T G T T T GG C A T T A C AG
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G A T T T T T T T G A T A T T C C T A T T A A T A T T G T T T C T G A T T C T A A A T A T G C AG T C T T T T C A T G T A T T T A T C T T C C T R A AG C C A C T Y T A C YGG T A A Y T T T A A A A A C T A A T A T T G
G A T T T T T T T G A T A T T C C T A T T A A T A T T G T T T C T G A T T C T A A A T A T G C AG T C T T T T C A T G T A T T T A T C T T C C T G A AG C C A C T T T A C CGG T A A C T T T A A A A A C T A A T A T T G
G A T T T T T T T G A T A T T C C T A T T A A T A T T G T T T C T G A T T C T A A A T A T G C AG T C T T T T C A T G T A T T T A T C T T C C T G A AG C C A C T C T A C T GG T A A T T T T A A A A A C T A A T A T T G
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A T A A A T T A Y T T T T T C AGG T Y C A A C A A T T A T T A A T Y AGG T GM A C T A A C C C T G T C T T T T T T A C T C A T A T WCG AG C T C A T T C T T C T C T C C C CGG A C C A
A T A A A T T A T T T T T T C AGG T T C A A C A A T T A T T A A T T AGG CG A A C T A A C C C T G T C T T T T T T A C T C A T A T A CG AG C T C A T T C T T C T C T C C C CGG A C C A
A T A A A T T A T T T T T T C AGG T T C A A C A A T T A T T A A T T AGG CG A A C T A A C C C T G T C T T T T T T A C T C A T A T A CG AG C T C A T T C T T C T C T C C C CGG A C C A
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Novel ERV (120555 - 122258)
Enzrin-like protein (133689 - 136376)
1 194,639180 K170 K160 K150 K140 K130 K120 K110 K100 K90 K80 K70 K60 K50 K40 K30 K20 K10 K
AGH33861.1 mRNA-beta-1,4 N-acetylgal... AGH33862.1 insulin-like growth factor...
Genes
B4GALNT2 (19173 - 81032) IGF2BP1 (146903 - 186435)
A
B
Figure 4.2: Identification and characterization of a novel ERV in the FecL locus.
The novel ERV is flanked by B4GALNT2 and ezrin-like protein in the reduced FecL locus (A).
Multiple sequence alignment based on three of the BLAST hits compared the sequence similarity
of the novel ERV with the partial sequence of known ERV (kERV), reverse complement of FecL
locus (RFecL), and 43U isolate from Chr17 of bighorn sheep (OC43U) (B). The figure is an
expanded version of the one available in V.
As the pregnant ewes were not slaughtered on a specific day of pregnancy, the
gene expression profiles in the endometrium samples were severely affected, where-
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as those in the CL remained more or less stable. This phenomenon was revealed
by the PCA plot of the top 500 genes expressed in the two tissues (Fig. 4.3).
Based on the PCA summary and phenotype records (Table 1 in V), two sub-
clusters represent the endometrial transcriptome in response to spherical (day 7
to day 12, lower right) and elongated (day 13 to day 17, upper right) embryos.
In particular, the upper cluster formed by the samples obtained after day 12 is
influenced by the gene expression changes resulting from the synthesis and secre-
tion of IFNT as well as prostaglandins and cortisol from the trophectoderm (of
an elongating conceptus). IFNT, in particular, triggers/induces the expression of
several implantation-related genes and IFN-stimulated genes in the endometrium
(Brooks and Spencer, 2015).
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Figure 4.3: PCA based on the top 500 genes expressed in the CL and endometrium. Endometrial
samples (right) were grouped into two main clusters representing samples before (7–12 days after
mating, upper cluster) and after (13–17 days after mating, lower cluster) the elongation phase of
embryo development in sheep. In contrast, the gene expression profiles of the CL samples (left)
were relatively homogeneous.
4.6.1 Breed specific DEGs in the CL
The highest number of DEGs was observed in the comparisons involving pure
breeds (n = 199). Multidrug receptor proteins (n = 8) were upregulated in Tex-
el sheep, whereas a group of sialic acid-binding Ig-like lectins (Siglecs, n = 6)
known to play an important role in the immune system (Crocker et al., 2007;
Pillai et al., 2012) were upregulated in the CLs of Finnsheep. Most DEGs were
upregulated in Finnsheep compared to that in Texel sheep and were mainly associ-
ated with the GO terms and KEGG pathways related to implantation (”receptor
internalization,” ”cell adhesion,” and ”cell differentiation”) and the immune sys-
tem (”defense response” and ”immune system process”). One of the interesting
genes identified from the DE analyses is CA5A, which was always upregulated
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in the F1 crosses of samples from both (ovary and CL) the phases of the main
experiment. Previous studies have reported the role of carbonic anhydrases in
cellular processes in different tissues, including the ovary (Hynninen et al., 2004).
In humans, alterations in CA5A and its deficiency are reportedly associated with
hyperammonemia in children (van Karnebeek et al., 2014). A report that stated
its absence in CL (Friedley and Rosen, 1975) has been dismissed by these results.
Recently, Hernández-Montiel et al. (2019) also reported that CA5A is upregulat-
ed in a prolific group of Pelibuey ewes. Thus, CA5A plays an important role in
reproduction and is of significance in cross-breeding programs; therefore, further
characterization of this gene is essential.
4.6.2 Endometrium transcriptome in response to embryo de-
velopment
As shown in Fig. 4.3, endometrial samples were grouped into two sub-clusters, re-
flecting the gene expression changes prior to (day 7 to day 12) and after (day 13 to
day 17) the embryo elongation phase during the course of pregnancy establishment.
Anatomically, the embryos representing these two groups of samples were either
spherical (S) or elongated (E) and thus, the endometrial samples were referred
to as S and E, respectively. We identified 1,410 DEGs between these groups,
554 of which were upregulated in E and included several interferon-stimulated
genes, galectins, chemokines, and other immune-related genes (V). The endometri-
al transcriptome of E was enriched for immune-related processes, whereas tissue
morphogenesis- and development-related processes were associated with that of S.
Functional aspects of genes upregulated S were affected by limited (e.g., >50% of
genes lacked gene descriptions) annotations, which also indicated the knowledge
available for previous stages of embryo development.
4.7 Generation of a sheep miRNA resource (III,
VI, VII)
To our knowledge, the largest amount of sequence data for sheep miRNA (as of
April 2019) have been generated. Importantly, the miRNAs of European mouflons
were sequenced and quantified for the first time, which included 215 miRNAs in
the ovary and 136 miRNAs in the endometrium. In domestic sheep, we identified
304, 342, and 499 sheep miRNAs in the pilot study (II), first (ovary, III), and
second phases of the main experiment (CL and endometrium, VI), respectively 1.
The regulatory role of miRNAs in target genes was assessed by integrating dif-
ferentially expressed miRNAs and mRNAs in two possible groups––Finnsheep vs.
1Note: For the final counts, miRNAs with reads ≤ 10 were ignored in II and III, whereas
miRNAs ≤ 5 were ignored in VI
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Texel sheep––given the flushing diet (see Fig. 4 in III) right from the first phase
of the main experiment (i.e., ovarian RNA seq) and Finnsheep vs. European m-
ouflon ovaries from the additional experiment (VII). A comparison of Finnsheep
and mouflon ovaries revealed 53 significantly differentially expressed miRNAs, 30
of which were upregulated in Finnsheep and the rest in European mouflon sheep
(see VII and Fig. 4 therein). However, the regulatory role of miRNAs relevant
to early pregnancy was not clearly understood owing to the low number of differ-
entially expressed miRNAs. Only two miRNAs, both upregulated in Finnsheep
as compared to that in Texel sheep, were differentially expressed in the CL (VI),
whereas five endometrial miRNAs were differentially expressed between Finnsheep
and European mouflon sheep (VII).
The number of miRNAs (>500) quantified in this thesis account for more than
three-folds of the number of miRNAs available in the miRBase database (n =
153). Moreover, there is a clear need to enrich the miRNA resource for sheep.
miRBase, the primary repository for known miRNAs, contained no additions to
the list of sheep miRNAs in its recent update (miRBase version 22). In contrast,
the list of miRNAs for species such as cattle (28.8%) and chicken (24.2%) was
updated. Given that currently 2,656 mature miRNAs are known in humans and
1,030 miRNAs are known in cattle, the number of miRNAs quantified in this thesis
is valuable. Annotation of the non-coding RNAs (including lncRNAs and miRNAs)
in different species is currently underway, and the data from this thesis have been
utilized by the Functional Annotation in Animal Genomes (FAANG) consortium’s
non-coding RNA annotation working group. More importantly, when the project
kicked off with a hackathon to compile the analysis pipeline and data collection
for small RNAs, the data from this thesis contributed to more than 80% of the
total sheep miRNA-seq data.
4.7.1 Imprinted miRNA cluster on chromosome 18
One of the key findings from the miRNA-seq data analysis was the identification
of a large cluster of miRNAs on chromosome 18 (C18MC). In III, all 51 miRNAs
known to be present within a 194-Kb region (64,466–64,600 Kb) on chromosome
18 were expressed in the ovarian miRNA-seq data. However, the main cluster was
found to be within a 40-Kb region and included 46 miRNAs (Fig. 4.4) and was
thus referred to as C18MC. The homologous region of sheep C18MC has already
been identified and/or characterized in the genomes of selected placental mammal-
s, including human (C14MC, Bentwich et al. (2005)), mouse (C12MC, Seitz et al.
(2004)), and horse (C24MC, Dini et al. (2018)). However, the C18MC homologous
regions of several other mammalian species remain to be characterized. Using the
Ensembl region comparison tool, the C18MC homologous region was identified in
additional species using human C14MC as a query. A similar cluster was identi-
fied in the genomic region of elephant (Sc9MC; here, Sc refers to scaffold), dog
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(C8MC), goat (C21MC), wild yak (CJH880931.1), pig (ScAEMK02000452.1MC),
cow (C21MC), and others. The numbers of miRNAs in the clusters of these species
were always lower than the numbers of those in sheep (n = 46), the closest being
44 in mouse C12MC. This high number of miRNAs clustered within an 40-Kb
region makes C18MC the largest miRNA cluster described in any species to date.
All miRNAs from C18MC were expressed in the first phase of the main experi-
ment (III), whereas three miRNAs (oar-mir-329a, oar-mir-1193, and oar-mir-656)
were missing in the second phase tissue samples (VI). In the second phase samples,
of the 43 miRNAs expressed, six miRNAs (oar-mir-411b, oar-mir-376d, oar-mir-
154a, oar-mir-496, oar-mir-377, and oar-mir-412) were exclusively expressed in
the CL. In other words, 43 miRNAs were expressed in the CL, whereas 37 were
present in the endometrium.
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Figure 4.4: Pairwise genomic alignment of sheep C18MC and human C14MC. All
miRNAs expressed during the preimplantation phase of data collection (CL and endometrium,
VI) in sheep (upper half of the figure) are marked in blue text, whereas those not expressed
are marked in black text. All miRNAs were expressed in the ovaries from the first phase of the
experiment (III). The alignment was performed within the Ensembl browser using Lastz (Harris,
2007), and the original image was modified using Adobe Illustrator. For clarity, some tracks
from the human chromosome (e.g., regulatory build) were removed. The gene names for sheep
are based on Ensembl release 87, whereas those for human are based on Gencode 29.
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To date, three miRNA clusters are known to be imprinted, of which primate-
specific C19MC (human) and rodent-specific C2MC (mouse) are known to be
paternally imprinted, whereas C14MC (human), a maternally imprinted cluster,
is highly conserved among placental (eutherian) mammals (Glazov et al., 2008;
Noguer-Dance et al., 2010; da Rocha et al., 2008). These miRNA clusters are
known to be regulated by imprinted regions, such as the DLK1/DIO3 domain
located ∼200-kb upstream of mouse C12MC and human C14MC (da Rocha et al.,
2008; Seitz et al., 2004). Thus, it was concluded that since C18MC in sheep
is homologous to C14MC in humans, the former is also a maternally imprinted
cluster.
4.8 Transcriptome profiles of domestic and feral
sheep (VII)
High-quality (N50 length of 700 bp) de novo assembled transcriptomes of Euro-
pean mouflon sheep yielded improved results compared to those based on the sheep
reference genome. The top expressed genes in the studied tissues (ovary and en-
dometrium) of mouflon ewes were dominated by ribosomal proteins, whereas those
from domestic Finnsheep were dominated by mitochondrial genes. There may be
at least two reasons for this difference. From the reproduction perspective, two of
the three mouflon ewes were young and may have not been under the reproductive
cycle. One conclusion derived from this thesis was that in sheep, reproduction
is an energy-intensive activity, and this may have led to the abundance of mito-
chondrial genes (III, V). Another reason underlying the abundance of ribosomal
proteins in mouflon ewes may be associated with their adaptation to harsher condi-
tions because of the Finnish winter. Numerous studies have shown that ribosomal
proteins play an important role in surviving and adapting to environmental stress
(Thieringer et al., 1998; Yurchenko et al., 2018). Recently, several ribosomal pro-
teins were found to be rapidly evolving (expanded) in reindeer (Weldenegodguad
et al., 2020) that have adapted to northern Eurasian environments.
Altogether, 192 ovarian and 1065 endometrial mRNA transcripts were signifi-
cantly differentially expressed between Finnsheep and European mouflon. In con-
trast, the number of differentially expressed miRNAs were higher in the ovaries
(53) than in the endometrium (5). Several genes associated with prolificacy (e.g.,
INHBA, SERPINA5, PTGS2, LDLR, and EREG), early maturity (e.g., CYP19
and FST), and out-of-season breeding (CYP19 and SERPINE2) were upregulated
in Finnsheep reproductive tissues (ovary and endometrium). However, the genes
(ASTL, ZP2, and ZP4) involved in negative regulation of fertilization (Avella et al.,
2016; Burkart et al., 2012) were upregulated in European mouflon samples.
Biological processes associated with upregulated endometrial genes in Finnsheep
were related to metabolic and biosynthetic processes, whereas those from Euro-
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pean mouflon sheep were related to developmental processes. One recent study by
Mesquita et al. (2015) on the bovine endometrium during early diestrus showed
that the biological processes associated with biosynthetic and metabolic processes
were enriched in cows treated for producing larger follicles (≥13 mm), whereas
those related to cell proliferation were enriched in normal cows (≤12 mm). Sim-
ilarly, transcripts associated with metabolic processes and ATPase activity were
upregulated in fertile cows compared to those in infertile ones (Minten et al., 2013).
In conclusion, the biological processes enriched in the Finnsheep endometrium
were associated with better receptivity and probably higher prolificacy, whereas
those enriched in European mouflon sheep indicated a low receptivity phenotype.
Integrated analysis based on DEGs and miRNAs revealed causal regulatory net-
works between miRNAs and their target genes (see Fig. 4 in VII). Important
genes, miRNAs, and biological processes relevant to reproduction and fertility are
summarized in Fig. 4.5.
Figure 4.5: Summary of the key genes and miRNAs relevant to reproduction. Figure
from VII.
Chapter 5
Conclusions
Proper genomic characterization is essential for the conservation and sustainable
utilization of farm animal genetic resources to guarantee future food security while
mitigating challenges such as globalization, climate change, and disease outbreak.
This thesis explored the genetic basis of prolificacy, which is of high economic
importance in sheep farming systems. High-throughput mRNA and miRNA se-
quencing of key reproductive tissues captured gene expression dynamics during
ovulation (ovary) and early pregnancy prior to implantation (CL and endometri-
um), both of which are critical to reproductive success. Important results, study
limitations, and some ideas for future research have been outlined in the following
sections.
5.1 Key findings
A comprehensive list of genes and miRNAs expressed in three tissues vital to repro-
duction was determined, and this list is much longer than the previously generated
lists. Most RNA-seq-based studies have focused on either one breed of sheep or
a single tissue (see 1.4.5). The unique materials (including tissues, sequence data,
and phenotype records) used in this thesis can extend or enrich the findings of pre-
vious studies. The pilot study compiled the list of genes and miRNAs expressed
in the Finnsheep ovaries. The flushing diet appeared to influence reproductive
performance in low-prolific Texel sheep, mainly during ovulation, and, to some ex-
tent, embryo viability. Furthermore, despite sharing 50% of the genome each from
Finnsheep and Texel sheep, the F1 crosses were closer to Finnsheep in terms of
gene expression, possibly owing to POEs such as genomic imprinting. Therefore,
the gene expression profiles of F1 crosses and the prevalence of non-Mendelian
inheritance should be further examined using more samples. These results of the
diet experiment and F1 crosses can be used to implement sheep breeding strategies
aiming for optimum reproductive capacity.
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The second phase of the main experiment sheds light on the dynamics of gene
expression during early pregnancy in sheep, mediated by the CL and endometrium.
The shared and tissue-specific roles of the CL and endometrium were evident
by the commonly expressed genes and DEGs, respectively. The importance of
the immune system during early pregnancy was indicated by the gene expression
profile: the immune-related genes were upregulated in Finnsheep CL compared
to their expression in Texel sheep CL. Similarly, differential expression of TXNL1
(upregulated in Finnsheep and F1 crosses, compared to Texel) indicated potential
for embryonic diapause in sheep. After day 12 of pregnancy, the gene expression in
the endometrium appeared to change remarkably, whereas it remained more or less
the same in the CL. One important phenotypic observation made from the second
phase of the experiment was that Finnsheep had 4.1 CLs on average, indicating
a much higher ovulation rate compared to the number of embryos formed (2.8 on
average). This indicates that the reproductive efficiency of Finnsheep can still be
improved. Finally, the comparative transcriptome profiling of the two reproductive
tissues (ovary and endometrium) revealed that the reproductive characteristics of
Finnsheep were superior to those of typically monotocous European mouflons.
The number of miRNAs (>500) quantified in this thesis is more than three-
folds higher than that available in the miRBase database (n = 153). A notable
finding from the miRNA-Seq data was the identification and characterization of
maternally imprinted sheep C18MC, which included 46 miRNAs. Further studies
involving the influence of ERVs and C18MC on sheep reproduction are compelling.
5.2 Study limitations
Gene expression analysis in the endometrium and CL may have been impacted
by the flushing diet. The same ewes that lost one of their ovaries during the first
phase of the experiment were used for collecting CL biopsy samples. Therefore,
the absence of one of the ovaries and the possible negative feedback effect may
have influenced the gene expression profiles of the CL and endometrium. Addi-
tionally, biopsy samples show tissue heterogeneity; thus, future experiments based
on certain cell types may be useful. Laser capture microdissection, for example,
can be used. The developmental progression in the embryos, particularly in the
endometrial tissues, appeared to affect the overall gene expression.
The results obtained by comparing Finnsheep and European mouflon sheep
may have been biased by the age of the mouflon females, stage of the estrous
cycle at the time of tissue collection, etc. Further, the age at sexual maturity
of Finnsheep and European mouflon sheep is 6 months (Maijala and Österberg,
1977) and 1.5 years (Cugnasse et al., 1985), respectively, and the differences in
the sexual maturation age may have led to variations in gene expression. The
quality of the sheep reference genome and annotation may have also affected the
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results. On average, ∼50% of transcripts lack gene annotation and ∼60% lack
functional (GO and KEGG) annotations; thus, the current version of the sheep
reference genome (Oar 3.1) includes complete annotations at the functional level
for only approximately 40% of genes. In many cases, homology-based approaches
(e.g., BLAST) have been used; however, the results may not always be accurate.
Moreover, some genes could not be discovered using BLAST, and these genes have
a higher probability of being associated with species-specific or even breed-specific
characteristics.
5.3 Future directions
Evaluation using more breeds, tissue samples (involving reproductive and immune
systems), study points (reproduction stages), and deeper sequencing would provide
more in-depth results. Adopting novel techniques such as single-cell RNA seq can
provide cell-specific gene expression resolution, whereas applying integrative omics
and spatial transcriptomics can provide a more holistic view. Furthermore, the
newly hypothesized omnigenic model (Boyle et al., 2017; Liu et al., 2019) could
also be applied for studying complex fertility traits. While the primary focus of
this thesis was prolificacy, this is not the only important phenotype. Sheep have
multiple uses, and traits associated with other functions such as milk, meat, and
wool production are also of high economic importance.
The identification of genes relevant to POEs, including imprinted genes in
each tissue evaluated in this thesis and additionally in the embryos (also collected
but not yet sequenced), may reveal the heritability of important genes. Imprinted
genes are known to be regulated by lncRNAs and are typically close to each other in
a group (Barlow and Bartolomei, 2014). The high coverage (∼80 million reads per
sample) of the sequence data allows for both lncRNA and allele-specific expression
analyses of F1 crosses. Future experiment assessing the effect of GDF9 (V371M)
mutation in overall gene expression is compelling whereby animals carrying the
mutation could be compared against those lacking it.
To study the role of sheep C18MC, epigenetic analyses in F1 crosses can be
performed by deleting the imprinted region DLK1-DIO3 upstream of C18MC (us-
ing genome editing technologies such as CRISPR-Cas9 system) in the paternally-
and the maternally-inherited chromosomes of the embryos. Next, the expression
of the miRNA cluster can be identified. The deletion of the methylated region in
the maternal chromosome is expected to suppress the expression of the miRNA
cluster, whereas the deletion of the same region in the paternal chromosome should
not change the expression levels of these miRNAs.
In addition to the major role of genetics, other factors are also important.
The size of the uterus is essential for accommodating multiple fetal lambs. Farm
management practices, including care for additional lambs, reportedly play a sig-
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nificant role in preventing lamb mortality. Although we observed that the flushing
diet might improve the ovulation rate, the effect may not necessarily be realized
in the number of live births, as observed in this thesis. Therefore, time-series
experiments involving folliculogenesis, fertilization, and further developments may
provide insights in terms of embryo mortality. Moreover, the possibility of embry-
onic diapause and its link with out-of-season breeding in Finnsheep could be an
interesting area of research.
The technological aspects of genomics have vigorously advanced in recent years.
For instance, RNA seq has quickly become more widely used than microarray-
based methods, and new single-cell sequencing methods and spatial transcrip-
tomics will soon become the standard choices. In contrast, the tools and resources
developed for evaluating sequence data are constantly evolving. Some new tools
have been developed, some previously developed tools have been updated, and
others are no longer in use or have been replaced. The data generated as part
of this thesis is unique and will be useful for both follow-up studies and projects
dependent on publicly available datasets (e.g., FAANG). The quality of the sheep
reference genome and annotations are expected to improve in the near future, and
a new Rambouillet sheep reference genome is now available in Ensembl. We are
currently sequencing the genome of Finnsheep, which is expected to be completed
in 2021, with full annotation. Analyzing the dataset with this new resource will
generate the information that may have been currently missed in this thesis. It
would also be interesting to determine the overall gene expression dynamics of the
embryos, which may provide further insights into the crosstalk between the CL,
endometrium, and embryo. Validation experiments of candidate genes and regions
using gene knockout and genome editing technologies will support the findings of
this thesis.
Native sheep breeds that have survived several breed-related demographic and
even societal drifts (e.g., winter war) and thrived in harsh climatic conditions,
such as those in Finland, are genetic resources with high socioeconomic impor-
tance. The continuous effort of the ISGC, FAANG, and several research groups
have contributed significantly to sheep research. The next challenge is the preser-
vation and sustainable utilization of these (with special emphasis on marginalized
breeds) valuable animal genetic resources. Sequencing costs have dramatically de-
creased, and generating a nearly complete annotated genome of a species in one
project is possible. Therefore, producing breed-specific reference genomes as a part
of national conservation programs is recommended for better characterization of
important traits and even the whole organism.
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